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Abstract
Congenital Talipes Equinovarus (CTEV) or clubfoot is the commonest congenital 
orthopaedic condition with an incidence of 1.5 per 1000 in the UK. The usual treatment 
for CTEV is the Ponseti method, consisting of serial manipulation and casting followed 
by immobilisation in a foot brace. Two main factors have an effect on treatment result: 
deformity relapse due to muscle imbalance, creating the need for surgery, and smaller 
ankle range of motion (ROM) and calf circumference (CC).
This study investigated the practicality of surface neuromuscular electrical stimulation 
(NMES) as an ‘active’ intervention in infants with CTEV. The primary outcome 
measure was the potential to reduce relapse measured by the Pirani score and secondary 
outcome measures were increase ROM and calf circumference. An A^BA  ^approach (A- 
stimulation, B-non-stimulation), six weeks each phase, was used in a study and a control 
group each with eight feet. At each session evertor muscle activity, Pirani severity score 
and static measures were assessed. Usage and parent perception was assessed using a 
questionnaire. The compliance with the stimulation and the brace were monitored by 
diary cards. A separate study with normally developing feet (n=26) and clubfeet (n=14) 
was also undertaken to determine the repeatability of the static measures.
The repeatability study provided acceptable limits for ankle dorsiflexion knee flexed 
(ADKF), ankle dorsiflexion knee extended (ADKE) and CC. The results from the 
stimulation study demonstrated a positive subjective perspective regarding the 
experience with stimulation. Statistical analysis demonstrated a significant improvement 
over the study period in ADKF and ADKE in the study group only. The changes were 
associated with the stimulation phases. Analysing the differences between consecutive 
measurements demonstrated a significantly different change only in ADKE during the 
second stimulation phase. In the rest of the outcome measures no significant difference 
was found between the study and the control group.
The results from this study have been encouraging, with two particular cases appearing 
to be very appropriate for NMES treatment; the non compliant feet and the feet with 
poor evertor activity. However, further work, e.g. an extended, longitudinal study, is 
required to determine the role of NMES in the treatment of CTEV.
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Nomenclature
> Adduction- the distal part of the tarsal bone moves towards the median
plane [Fig.l]
> Abduction- this movement in the opposite direction [Fig. 1 ]
> Inversion- the undersurface of the tarsal bone moves towards the median 
plane [Fig.l]
> Eversion- the movement in the opposite direction [Fig. 1 ]
> Supination- a combined movement of adduction, flexion and inversion
> Forefoot supination- inversion and adduction of the forefoot
> Pronation- a combined movement of abduction, extension and eversion
> Forefoot Pronation- eversion and abduction of the forefoot
> Heel varus- a movement of inversion and adduction of the calcaneus
> Heel valgus- a movement of eversion and abduction of the calcaneus
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig 1 Definitions o f the movements for a tarsal bone with respeet to the body planes 
[From: Ponseti. Congenital Clubfoot: fundamentals o f  treatment. Oxford: Oxford Medieal
Publications 1996, p 2].
Ill
> Equinus- an increased degree of planter flexion of the foot
> Cavus- the increased height of the vault of the foot
> Osteotomy- a surgical operation whereby a bone is cut to shorten, lengthen,
or change its alignment
> Tenotomy- the cutting of a tendon, also called tendon release, tendon
lengthening, and heel-cord release (for tenotomy of the Achilles tendon).
IV
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Chapter One- Introduction
This dissertation describes the first step towards developing a novel addition to the 
treatment of the most common congenital orthopaedic conditions- clubfoot. The 
treatment provided is neuromuscular electrical stimulation (NMES) to the peroneal 
muscles of the infant clubfoot after being corrected according to the Ponseti method. 
In this chapter the problem is stated along with the need for the present study. The 
study aim and objective are then illustrated followed by an overview of the 
dissertation.
1.1 Statement of the problem
The most common treatment offered to idiopathic clubfoot today is non-surgical, 
namely serial manipulation and casting from soon after birth followed by 
immobilisation in a foot abduction brace. This is known as the Ponseti method.
Several minor surgeries are frequently needed at different stages (such as achilles 
tenotomy and tendon transfer), but the extensive surgical intervention is almost 
always prevented. This is a passive rather than a dynamic treatment.
After studying the reports of treatment results from different centres three main 
problems immerge:
1. Relapses of the deformity (a complete or partial loss of the correction 
achieved) do occur, and one of the reasons suggested is muscle imbalance 
around the ankle joint, which is presently treated by tendon transfer 
surgery.
2. Even after successfiil treatment the clubfoot retains a smaller range of 
motion (ROM) and calf circumference (CC).
3. The result of treatment is affected by compliance with the foot abduction 
brace after successful correction with the serial manipulation and casting. 
In practice the compliance rates are variable.
1.2 Need for present study
Relapse can occur even after the most meticulous of procedure and protocol, but the 
most important factor established to determine relapse rate is compliance with the foot 
abduction brace. The current surgery offered to treat most relapses is anterior tibial
tendon transfer. The rationale behind this surgery is treating the muscle imbalance 
around the ankle joint. Although proven to be an effective surgery it is nonetheless a 
surgical procedure carried out under general anaesthesia and it can prove to cause post 
operative complications or if offered too late can result in a stiff foot, is a rigid foot 
with limited range of motion . Reduced ROM and CC persist even in compliant 
patients. A potential solution to the problems above is electrical stimulation. This 
could be used as a dynamic, non- operative addition to the current use of the brace.
1.3 The Study aim
The aim of this work was to investigate the feasibility of using electrical stimulation 
in infants with clubfoot deformity.
The study attempts to make the first step in considering a novel treatment for 
Congenital Talipes Equinovarus (CTEV) compliments the Ponseti method of 
correcting the deformity. Electrical stimulation of skeletal muscle to assist in the 
treatment of movement disorders have been applied therapeutically for improving 
muscle strength and range of motion (section 4.5) . Applying this treatment to the 
peroneal muscles of infants with clubfeet can potentially address the problems stated.
1.4 Hypothesis and statement of the objectives
The study hypothesis was “surface NMES is practical to use in infants with clubfeet 
and will improve ROM and CC and reduce relapses”.
Practicality was defined as ease of application, compliance with the stimulation 
program, and subjective response fi*om the parents. It was determined through 
questionnaire.
Improvements in ROM, CC and reduction of relapses were determined through 
statistical analysis of data collected from the study and control subjects. Where 
appropriate, clinical significance was determined through comparison with data 
collected from unimpaired children.
The study objectives were:
1. Reviewing the literature on treatment of CTEV.
2. Reviewing the use of electrical stimulation in CTEV and more generally 
e.g. muscle strengthening
3. Develop a protocol and undertake a study to:
> Establish the role of electrical stimulation for infants in terms of 
acceptance and compliance.
>  Establish the potential benefits of electrical stimulation in infants with 
clubfoot in terms of the potential to improve ROM and CC and to 
reduce relapses.
The primary outcome measure is relapse of the deformity and is defined as the 
reappearance of one or several of the deformity components (cavus, adductus, varus 
and equinus) .In this study it is determined by an increase in the Pirani CTEV severity 
score which is discussed in detail in section 2.6. Short term relapse occurs within the 
first three months of the correction and long term relapse can occur up to age six.
1.5 Overview of the thesis
Following this introduction, chapter two presents the deformity of CTEV. The first 
section describes the pathoanatomy and physical findings of the condition. The 
second section covers the aetiology of the deformity. The final section describes the 
evaluation and assessment methods provide a way of communicating the severity of 
the condition and to monitor treatment results.
Chapter three deals with the different treatment methods available for CTEV along 
with their limitations and emphasizes the need for further work in this field, of which 
one is electrical stimulation.
Chapter four presents the concept of neuromuscular electrical stimulation (NMES). 
This chapter first introduces electrical stimulation in general including its history, 
physiology and stimulation parameters. This is followed by a literature review of 
electrical stimulation in children and the very limited work has been done on 
clubfoot. The chapter ends with presenting the rationale behind choosing NMES for 
the treatment of clubfoot.
Chapter five describes the study design including study subjects, study phases and 
data collection. This is followed by description of the outcome measures, the reasons 
behind their selection and the measurement procedure.
Chapter six describes a repeatability study; a separate study with normally developing 
feet and clubfeet was also undertaken to determine the repeatability of the static 
measures. The chapter begins with the study subjects, setting and data collection 
procedure followed by the statistical analysis chosen for this type of study. The last 
part presents the results of this study along with their clinical significance.
Chapter seven presents the results of the NMES study. It first presents the results of 
the comparison between the study and control groups and then focuses on two specific 
examples seem to be more appropriate for stimulation. The last part of the chapter 
reviews the subjective results of the study including the lack of sensory component 
expressed by the patients.
Chapter eight presents the discussion of the NMES study results. It first discusses the 
findings in the outcome measures and then the two specific case reports seem to 
present particular interest. Finally it discusses the lack of sensory component was 
stated in the results.
Chapter nine presents the key study conclusions followed by a review of the 
limitations of the study.
Chapter ten proposes future work can continue to establish the place of NMES in the 
treatment of CTEV.
Chapter Two- Congenital Talipes Equinovarus (CTEV)
The aim of this chapter is to present an introduction to CTEV. The chapter begins with 
describing the normal anatomy of the foot and the pathoanatomy in CTEV. The next 
part reviews the different aetiologies of this condition. The final section describes the 
different methods of assessment, classification and evaluation of clubfoot deformity 
along with their limitations and reliabilities leading to the system was chosen for this 
study. A nomenclature for commonly used terms is given on page iii.
CTEV, also known as clubfoot, has been a recognized deformity since the time of 
Hippocrates [Roye and Roye, 2002].
Initial treatment options were variations on manipulation and splinting. Surgical 
intervention began in the late 1700s with Lorenz’s Achilles tenotomy, but effective 
sofi-tissue releases, osteotomies, and tendon releases were not developed until the late 
1800s with the advent of anaesthesia and aseptic technique. Kite in 1930, and Ponseti 
in 1950 popularized gentle manipulation and serial casting -  the principles of which 
still remain the initial treatment of choice by orthopaedics, physiotherapists and all 
health professionals treating clubfoot.
The incidence of CTEV varies widely with respect to race and geography [Cummings 
et al., 2002 & Roye and Roye, 2002]. In Japan, this condition affects approximately
0.5 per 1,000 live births, and in natives of the South Pacific, the incidence increases to 
nearly seven per 1,000 live births. In Caucasians, the incidence is 1.2 per 1,000 live 
births. All populations show a consistent 2.5:1 male predominance. The problem 
occurs bilaterally in approximately 50% of cases [Dee et al., 1997 , Roye and Roye, 
2002].
2.1 Normal anatomy and biomechanics
The tibiotalar joint is essentially a hinge on which the dome of the talus rotates in the 
sagittal plane within the confines of the mortise defined by the medial and lateral 
malleoli. The talus has no muscular attachments, and all movement is determined by 
ligamentous attachments to the calcaneus and navicular.
The talocalcaneonavicular joint involves four articular surfaces and resembles a ball- 
and-socket joint [Fig 2.1]. The ball is the head of the talus, which resides in a socket 
composed of the concave surface of the navicular and the anterior and middle facets
of the calcaneus. The rest of the socket is composed of connective soft tissue, 
including the talonavicular joint capsule, the tibialis posterior tendon, and the deltoid, 
bifurcated, and interosseous talocalcaneal ligaments.
Horizontal movement in the transverse plane is transmitted through the midfoot and 
hindfoot. Most motion takes place through the talocalcaneonavicular complex as the 
navicular and anterior calcaneus rotate about the talar head. Additionally, inversion 
and eversion require talonavicular movement. Vertical movement in the sagittal plane 
occurs mostly through the tibiotalar joint.
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig 2.1- Superior view of the normal relationship and ligamentous attachments between the 
bones of the hindfoot and midfoot. [From: Idiopathic Congenital Talipes Equinovarus: Roye 
and Roye, J Am Acad Orthop Surg 2002; 10:239-248]
2.2 Pathoanatomy
CTEV is a three-dimensional deformity. The talus, calcaneus, and navicular with their 
corresponding articulations are the primary involved components [Dee et al., 1997, 
Morcuende et al., 1994, Noonan and Richards, 2003 , Roye and Roye, 2002]. The foot 
is positioned in equinus and varus. The talocalcaneonavicular joint space is 
diminished, the soft tissues lose their elasticity as the ankle is held in this position, 
and the absence of capsular laxity or redundancy inhibits movement.
The talar neck is medially rotated, shortened, and plantiflexed. Plantarflexion results 
in an uncovering of the distal 50% of the articular surface of the talus becomes fixed 
outside the mortise. The hyaline cartilage surface develops abnormally because it no 
longer articulates with the remainder of the joint. Growth of the anterior talus is 
stunted, and medial neck deviation is a progressive deformity. Because growth occurs 
preferentially under normal articular surfaces, the talus continues to grow medially 
where the medially subluxated navicular resides. The posterior talus appears as nearly 
normal because it remains within the mortise. Structurally, the calcaneus is not as 
deformed as the talus, displaying only slight shortening and widening with mild 
medial bowing. The medial growth of the talar head pulls the calcaneus into adduction 
by causing rotation about the interosseous talocalcaneal ligament, such the anterior 
calcaneus is displaced medially (adduction) and the posterior calcaneus moves toward 
the lateral malleolus [Fig 2.2]. The cuboid, although morphologically normal, is 
medially displaced and inverted on the calcaneus. The navicular is often triangular in 
shape and is diminished in size in proportion to the smaller talar head. It is often 
located on the extreme medial border of the talar head and may even be completely 
dislocated from the talus [Fig 2.2].
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig 2.2 A superior view of the positioning of the navicular, talus and calcaneus
A- In the normal foot. B- In the clubfoot; the talus and calcaneus rotate laterally and the 
navicular is subluxated medially on the talar head. The dashed line represents the long axis 
of the talus. [From: Carroll et al., The pathoanatomy of congenital clubfoot. Orthop Clin 
North Am 1978; 9: 225-232].
Although radiographs remain a method of evaluating the position of the tarsal bones 
before and after treatment, accurately assessing the degree of talonavicular 
subluxation or the talocalcaneal angle is difficult. The navicular’s ossific nucleus 
doesn’t appear until the age of three and there is eccentricity of the ossific nucleus of 
the talar neck. Therefore the axis drawn through the ossific nucleus of the talus may 
not represent the axis of the entire bone. Improvement in imaging techniques with 
MRI imaging, have allowed accurate assessment of the degree of talonavicular 
subluxation and observation of the response to treatment.
The chondroosseous elements of clubfoot were assessed and the effect of treatment 
evaluated by MRI in several planes [Pirani et al., 2001]. Images obtained largely 
agreed with the Ponseti pathoanatomy description [Fig 2.3] from his post-mortem 
studies [Ponseti, 1996].
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig 2.3 Clubfoot o f a 3 day old infant
The figure presents severe tibiotalar plantarflexion, medial and plantar talar neek inclination, 
a wedge shaped head of talus, the lateral part uneovered. The medial tuberosity o f the 
navicular approaches the medial malleolus. The navieular is wedge shaped and the caleaneus 
addueted and inverted sueh the anterior tuberosity lies under the head of talus rather than 
lateral to it (A). Only the medial part of the anterior tuberosity o f the calcaneus articulates 
with the cuboid (B) which is displaced and inverted in front o f the calcaneus. [From: Pirani et 
al.. Magnetic Resonance Imaging study of the Congenital Clubfoot treated with the Ponseti 
method. J Pediatric Orthopedics, 2001.21: 719-726]
2.3 Aetiology
The cause of CTEV remains elusive. Many theories have been investigated from 
Hippocrates' hypothesis regarding intrauterine compression to environmental, genetic 
and neurovascular explanations [Ballantyne and Macnicol, 2002, Cummings et al., 
2002, Dee et al., 1997 , Roye and Roye, 2002]. It is unclear whether the factors have 
been identified are intrinsic to the condition or result from extrinsic deforming forces. 
The aetiologies fall into four groups: genetic factors, intrauterine factors, 
neuromuscular and vascular disorders.
Genetic factors: The incidence of clubfoot varies with respect to race and gender and 
increases with the number of affected relatives, suggesting genetic influence on the 
aetiology [Cummings et al., 2002]. Siblings of affected individuals have up to 
threefold increase in the risk of clubfoot. Clubfoot affects both siblings in 32.5% of 
monozygotic twins but only 2.9% of dizygotic twins [Tachdjian, 1972]. In Maoris 
and other Pacific populations a single dominant gene with variable penetrance has 
been suggested while in the white population the genetics is best explained by a single 
gene with a polygenic component [Ballantyne and Macnicol, 2002].
Intrauterine factors: Hippocrates suggested the foot is held in position of equinovarus 
by external uterine pressure and oligohydramnios. Turco found there were as many 
right as left clubfeet and suggested it is unlikely an increase in pressure will cause 
the same deformity repeatedly, especially in the first trimester when clubfoot is 
formed, when the uterus still encloses a great deal of room. A study dealing with 
complications of early amniocentesis (prior to the eleventh week) reported ten times 
higher rates of clubfoot after early amniocentesis (1.1%) and 15% when associated 
with amniotic fluid leak [Ferrel et al., 1999]. Their assumption was some event 
during early amniocentesis with fluid leakage stops the development of the foot at 
time when the foot is in clubfoot position. Another theory was altered pressure from 
the leak could alter the developmental process. Another study didn’t find the same 
findings and suggested the amount of fluid removed at the time of amniocentesis 
might be responsible for the difference in findings [Cummings et al., 2002].
Neuromuscular disorders: When considering the aetiology of clubfoot, the idiopathic
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must be differentiated from the syndromic or the secondary is associated with 
neuromuscular conditions which include arthrogryposis, cerebral palsy, spinal 
muscular atrophy, spina bifida, sacral agenesis, and other paralytic states [Dee et ah, 
1997 , Roye and Roye, 2002]. This suggests neuromuscular abnormality can play a 
role in the aetiology. Electrophysiological (EMG) studies have demonstrated 
abnormalities in substantial number of patients. Feldbrin et ah, [1995] performed an 
electrophysiological study on fifty two children with idiopathic clubfoot aged from 
three months to fifteen years. Isolated peroneal nerve damage was found in 27%, 
abnormality of both peroneal and posterior tibial nerves was found in 10%. 8% had 
evidence of isolated spinal cord dysfunction and 27% had combined spinal cord and 
peripheral lesions. A direct correlation was found between the degree of the neuro- 
physiological abnormalities and severity of the disease and the need for surgery. 
Another study five years later found similar findings investigating abnormalities using 
somatosensory evoked potential and EMG studies [Macnicol and Nadeem, 2000]. The 
level of neurological abnormality was defined as being spinal in 22%, peripheral in 
9% or mixed in 14%.
Another neurological finding related to the immaturity of the foetal spine in patients 
with unilateral clubfoot was described by Swart, in 1993. The findings included 
delayed closure of the neural tube at the L5 level, the level of innervation of the 
peroneal muscles. Peroneal muscle weakness has been suggested in this study as a 
cause of muscle imbalance and subsequent deformity.
Abnormalities in the proportions of muscle fibre types suggested a link to primary 
nerve abnormality. Handelsman and Badalamente [1981] found an increase in type I:
II muscle fibre ratio from the normal 1:2 to 7:1. The type I slow twitch muscle, high 
tension fibres may themselves be a deforming force in the CTEV deformity although 
these muscle changes were found both in the posteromedial muscle group and in the 
peroneal group. Handelsman and Badalamente [1981] suggested denervation- 
reinnervation events during intrauterine development may cause certain muscle type 
to predominate since it is a function of nerve supply.
Hence neuromuscular dysfunction seems to be a factor in the clubfoot aetiology. 
Vascular aetiologv: A greater prevalence of the absence of the dorsalis pedis artery 
and the absence or hypoplasia of the anterior tibial artery also suggests a vascular 
dysplasia might have an aetiological role in the deformity [Cummings et al., 2002].
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The above review strongly suggests the aetiology of CTEV is multifactorial. This is 
also the view of Roye and Roye [2002].
2.4 Physical examination
Although the diagnosis is evident on physical examination in nearly every case of 
CTEV, based on the equinus and varus posture of the foot [Fig 2.4], a complete 
physical examination must be done because of the possibility of associated disorders, 
for example arthrogryposis, cerebral palsy and spina bifida [Dee et al., 1997, 
Greenspan, 2000 , Roye and Roye, 2002]. Care should be taken to differentiate 
syndromic from non-syndromic CTEV The examination includes a detailed 
neurological evaluation as well as assessment of all joints and the spine. When 
examining the lower extremities, it is important to document leg length, thigh and calf 
circumference, and skin creases. Patients with CTEV have a smaller calf on the 
affected side compared with the normal side along with a smaller foot. There may also 
be leg length discrepancies caused by congenital shortening of the tibia in the affected 
leg. When differentiating the CTEV foot fi-om the normal foot, the essential 
differences are the fixed deformities and loss of movement present. It is also 
important to differentiate between CTEV and metatarsus adductus, which lacks any 
component of equinus deformity.
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig 2.4 Dorsal and plantar views of the foot o f a child with idiopathic CTEV.
[From: Idiopathic Congenital Talipes Equinovarus: Roye and Roye ,J Am Acad Orthop Surg 
2002; 10:239-248]
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A standardized examination of the clubfoot should be performed initially and after 
each interval of treatment with manipulation and a cast. Torsional alignment, varus 
and valgus, and the overall size and shape of the leg, ankle, and foot should be 
assessed. Torsion is difficult to assess clinically in a patient with clubfoot because the 
medial malleolus is obscured by the navicular. Transverse plantar creases or clefts at 
the midfoot and at the posterior part of the ankle should be noted. Equinus must be 
assessed with the knee both in extension and in flexion. The true contracture of the 
gastrocnemius muscle, which crosses the knee, is indicated by the equinus measured 
with the knee extended. The difference between the equinus measured with the knee 
flexed and measured with it extended indicates the amount of stiffiiess in the ankle 
joint.
The varus or valgus position of the heel at rest and in the position of best correction 
should be measured. Flexibility of the subtalar joint is difficult to measure but may 
give an indication about stiffness. The lateral border of the foot should be held in the 
position of maximum correction and measured. Persistent varus, particularly after a 
trial of cast immobilization, may indicate varus deformity at the calcaneocuboid joint 
or varus deformity of the metatarsals. The talar head should be palpated dorsolaterally 
at the midfoot. The talar head usually is lined up with the patella, although in 
plantarflexion. Manipulation to reduce the forefoot onto the talar head indicates the 
amount of midfoot stiffiiess. Forefoot supination should be noted. All deformities 
should be assessed in relation to the next most proximal segment-i.e., the forefoot on 
the midfoot, the midfoot on the hindfoot, and the hindfoot on the ankle. If the hindfoot 
is in 30 degrees of varus and the forefoot (the line of the toes) is angulated 30 degrees 
in relation to the tibia [Fig 2.5], then the deformity is hindfoot varus and there is no 
forefoot supination. Errors in this assessment may lead to overcorrecting the forefoot 
in a cast or to surgically creating a pronation deformity [Cummings et al., 2002].
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Fig 2.5 Alignment o f the foot
In this foot the heel is in varus but the forefoot is well aligned with the heel. There is no supination 
of the forefoot on the hindfoot. [From: Cummings et al., 2002].
2.5 Assessment
Assessment provides a method of classifying the severity of the original deformity 
and evaluating the success of treatment. Quantitative data allows comparison 
facilitating monitoring of success of treatment and progression of deformity or relapse 
[Herd et ah, 2004]. The ability to objectively evaluate each type of treatment also 
allows comparison of techniques, which might result in formulation of a universal 
management strategy. The ideal form of assessment would produce objective, 
quantitative and functional data as well as being simple, reproducible, reliable, 
inexpensive and safe. There is no universal method for the assessment of clubfoot. A 
variety of techniques are used including clinical, functional and radiological.
Currently a mixture of objective and subjective methods is used for assessment of 
clubfoot
2.5.1 Antenatal ultrasound
CTEV can be diagnosed antenatally at the eighteen-twenty week ultrasound scan. Of 
those suspected as having CTEV, 26% require no treatment at birth since it resolved 
spontaneously without treatment. The severity of the deformity is difficult to
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determine using ultrasound, and a false-positive rate of 35% is reported [Ballantyne 
and Macnicol, 2002]. It is likely there will be increased antenatal diagnosis of CTEV, 
so it is important the limitations of this technique are appreciated.
2.5.2 Radiological Assessment
Radiographs define the deformities and the anatomical relationship of joints.
There are several difficulties in the assessment of CTEV by conventional radiography 
[Ballantyne and Macnicol, 2002, Cummings et al., 2002, Greenspan, 2000, Roye and 
Roye, 2002]:
1. Difficulty with positioning the foot, particularly when it is very stiff and 
deformed.
2. The inability to standardize radiographs which makes quantification of what 
is a complex rotational, three-dimensional deformity complicated. Slight 
variations in the projection can lead to artefactual changes in bony alignment 
making initial radiographic assessment of the deformity or assessment of the 
degree of correction difficult.
3. The ossific nuclei do not represent the true shape of the mostly cartilaginous 
tarsal bone.
4. The cuboid is ossified at six months, the cuneiforms at one year and the 
navicular ossific nucleus doesn’t appear until the age of three and there is 
eccentricity of the ossific nucleus of the talar neck. Therefore the axis drawn 
through the ossific nucleus of the talus may not represent the axis of the entire 
bone.
To optimize the radiographic studies, the foot should be held in the position of best 
correction, with weight-bearing, or, if an infant is being examined, with simulated 
weight bearing. Since the anteroposterior and lateral talocalcaneal angles are the most 
commonly measured angles, the x-ray beam should be focused on the hindfoot (The 
lateral radiograph should be transmalleolar with the fibula overlapping the posterior 
half of the tibia, to avoid rotational distortion).
Kite, [1972] described parallelism of the talar and calcaneal ossification centres in 
CTEV as is seen in the AP radiograph [Fig 2.6]. In the normal foot, the angle between 
these bones on the AP X-ray is 20- 40°, while in CTEV this angle is reduced to less 
than 20°.
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Fig 2.6 Radiographic appearance of CTEV
Parallelism of the talus and calcaneus is seen in both the AP and in the Lateral X-rays, (a) Lateral 
X-ray: the axes of the calcaneus and talar ossification centres appear to be almost parallel in the 
lower image, findings consistent with CTEV, the upper image is normal, (b) AP X-ray the right 
foot shows parallelism of the calcaneus and the talus consistent with CTEV, the left image is 
normal [from: Ballantyne and Macnicol, Congenital talipes equinovarus (clubfoot): an 
overview of the aetiology and treatment. Current Orthopaedics, 2002 16, 85-95].
Simons, 1997 studied the talocalcaneal index- derived by adding the anterior and
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lateral talocalcaneal angles. He stated normal individuals had an index from 51° to 
77°, which was much lower in clubfeet and successful non operative correction can 
result in an index over 50°. However, in postoperative patients examined by Herd et 
al, [2004] the index was lower even though the results were considered successful. 
This would suggest this measure is of limited use but for lack of better outcome 
measures the talocalcaneal angle and index [Fig 2.7] are eommonly used in clinical 
practice to determine post operative correction [Ballantyne and Macnicol, 2002].
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig 2.7 The talocalcaneal angle
A and B, Normal foot. C and D, Clubfoot. The talocalcaneal angle is determined by the 
intersection of lines drawn through the long axes of the talus (T) and calcaneus (Ca) in the lateral 
and anteroposterior projections. Note the increased parallelism in the clubfoot compared with the 
normal foot. Cu = cuboid [From: Idiopathic Congenital Talipes Equino varus: Roye and Roye, 
J Am Aead Orthop Surg 2002; 10:239-248].
Laveg and Ponseti in 1980, found the lateral talocalcaneal angle correlates well with 
functional outcome and patient satisfaction. Other authors found no correlation with 
clinical parameters [Greenspan, 2000 , Roye and Roye, 2002]. This could be due to 
the limitations of radiological assessments were discussed in the previous page.
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2.5.3 Functional Assessment
Functional assessment examines the ability to carry out daily tasks and incorporates 
the patient’s subjective opinion regarding the outcome. Pre-treatment assessment is 
not practical assuming the child is still young and with limited mobility. Repeatability 
is poor and subjective [Herd et al., 2004], with answers depending on the manner the 
questions are asked, the mood of the patient/parent and the possibility of 
misinterpretation of the question or the answer. However this is probably the area 
most important to the patient. Roye et al., [2001] developed a disease specific index 
looked at the function of the limb and patient satisfaction. A few relationships were 
found between some clinical parameters and functional outcome, for example, 
patients with heel varus were more likely to complain of poor running ability, more 
shoe problems and less overall satisfaction. Dorsiflexion correlated positively with 
few shoe problems, better function and better appearance; Radiographic data (the 
talocalcaneal angle and index) failed to correlate significantly with any of the 
satisfaction questions, the functional status and the qualitative interview. The study 
results were not validated due to small sample size.
Another question raised here is which feature is most important for example: is a mild 
anatomical imperfection with stronger muscles more functional than a weaker foot 
and what is considered to be the better result? .The answer to these questions is 
probably subjective and therefore one assessment system can draw conclusions 
regarding outcome doesn’t exist.
2.5.4 Gait analysis and biomechanical assessment
Foot problems can affect the function of the limb and result in abnormal gait. Gait 
analysis can provide quantitative, objective and dynamic results. Current gait analysis 
is used to assess various paediatric conditions and plays a vital role in management of 
cerebral palsy by aiding selection and evaluation of treatment [Herd et al., 2004]. The 
technique involves systematic measurement, description and assessment of human 
locomotion particularly temporal and spatial characteristics, orientation of limb 
segment, ground reaction force and electromyographic data. A number of studies have 
been carried out to identify the gait abnormalities in children with treated clubfoot.
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However none has determined the significance of these specific changes and their 
importance in terms of correction or relapse [Herd et al., 2004]. Gait analysis is not 
suitable for very young children who cannot yet walk.
Foot deformities interfere with the ability to walk and induce symptoms because of 
abnormal distribution of load under the plantar surface of the foot. Therefore there is a 
need to assess the foot biomechanically including kinetics (force) and kinematics 
(motion irrespective of force) studies [Herd et al., 2004]. This enables evaluation of 
foot function at the time of contact with the floor with analysis of force.
Foot pressure:
In healthy individuals plantar pressure is distributed under the load bearing areas such 
as the heel, metatarsal heads and phalanges [Fig 2.8].
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig 2.8 Pressure distribution under a normal foot 
(MatScan by VersaTek® electronics)
Abnormalities in either structure or function can alter this pattern and lead to areas of 
abnormal pressure where callosities or injuries can occur [Herd et al., 2004]. The data 
produced from the measurement of pressure distribution underneath the plantar 
surface of the foot yields objective qualitative and quantitative information about foot
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structure and function. Foot pressure measurement can be static (standing) or dynamic 
(while walking). Computerized methods of foot-pressure measurement have been 
used to record the pressures under the foot throughout the gait cycle. One of these 
systems is pressure-sensitive mats [fig 2.7]; these mats consist of cells of intersecting 
rows of conductive tracks separated by a thin sheet of material for which the electrical 
conductivity changes under pressure. As a subject walks across the mat, the 
conductivity between the intersecting tracks beneath the foot changes. Using a 
computer, the changes in conductivity between the intersecting tracks can be 
converted to pressures and recorded digitally. Foot pressure investigation can be used 
to confirm the presence of the deformity and determine necessary treatment. Bowen et 
al., [1998] found foot pressure data is a diagnostic method to measure the severity of 
any foot deformity and can quantify the changes resulting from surgery. These 
techniques have already found a place in the assessment of rheumatoid arthritis, 
cerebral palsy and diabetes mellitus.
Foot pressure is also affected by age, size, weight, and gait velocity. Therefore when 
assessing children over a number of years the effect of growth must be taken into 
account [Herd et al., 2004].
There is no evaluation in the literature of foot pressure in assessing the original 
untreated clubfoot deformity. Assessment of children with secondary equinovarus 
reported a lack of heel pressure and increased forefoot loading particularly laterally. 
Huang et al., [1999] found foot pressure data can distinguish between those with 
excellent/good clinical outcome and those with poor/fair outcome. Those who were 
rated clinically high had an almost normal pressure distribution with only slightly 
lower dynamic pressure under the fifth metatarsal and lower pressure/time under the 
hallux. Those with poorer outcomes had shorter foot ground contact, lower pressure 
under the heel and hallux with increased pressure under the fifth metatarsal head.
Herd et al., [2004] concluded foot pressure measurement can provide objective 
assessments of persistent and subtle deformities in corrected clubfoot and for a 
complete assessment it is advantageous to have clinical, radiographic and 
biomechanical data.
2.5.5 Clinical assessment
Clinical parameters make up the most common form of assessment and involve
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measuring the extent of the fixed deformity, its rigidity or reducibility. Other aspects 
include ROM, presence of creases [fig 2.9] calf wasting and foot size.
M
Fig 2.9 Medial (left) and posterior (right) creases in severe clubfoot
Clinical measurements focus on cosmetic appearance and are often done statically 
[Herd et al., 2004]. What appears to be a cosmetically good result does not necessary 
correlate with good function. A number of classification/assessment methods have 
been published, each incorporating a different set of parameters with varied 
weighting. This makes comparison of the results difficult. The most widely used 
classification and evaluation systems are outlined in section 2.6.
2.6 Classification and evaluation
Simons, [1977] distinguishes classification from evaluation. Classification involves 
typing the foot by aetiology, such as syndromic or idiopathic (see section 2.3 in 
neuromuscular aetiologies). Evaluation involves measuring the foot- e.g. the size, 
shape, range of motion of the joints, and radiographic angles. Both classification and 
evaluation are important to the understanding of comparative outcome studies and to 
the successful treatment of each clubfoot.
The evaluation system of Ponseti and Smoley [1963] was created to assess the results 
of clubfoot treatment. It was based on ankle dorsiflexion, heel varus, forefoot 
supination and tibial torsion measured clinically. The final evaluation was good.
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acceptable or poor on the basis of these parameters [Table 2.1].
Table 2.1 The system of Ponseti and Smoley, [1963] for the classification of CTEV
Ankle
dorsiflexion
(degrees)
Heel varus 
(degrees)
Adduction of 
the forefoot 
(degrees)
Tibial torsion 
(degrees)
Results
>10 0 0 to 10 0 Good
Oto 10 Oto 10 10-20 Moderate Acceptable
0 >10 >20 Severe Poor
There are four clinical measurements which were evaluated to produce classification 
into three groups. The implication is if one of the measurements of the deformity is 
normal all measurements will be normal and the foot is therefore ‘good’. This is not 
always the case since one component may be more severe than others.
The Harrold and Walker scheme, [1983] was based on the first examination of the 
foot and the ability to correct the equinovarus deformity by manipulation. Patients 
with a foot could be manipulated to or beyond neutral were described as grade I 
(mild). Those with a varus and/or equines deformity could be manipulated to within 
20° of neutral were described as grade H (moderate). Patients whose deformity 
(either varus or equinus) could not be manipulated to within 20° of neutral were 
described as grade HI (severe). The authors found patients with mild CTEV had an 
89% success rate with serial casting versus 46% and 10%, respectively, for those with 
moderate and severe disease. Additionally, there was increased postoperative 
recurrence in the higher-grade deformities. It may seem this simple and straight 
forward system would produce the most consistency but its reliability was not 
satisfactory. In a study to determine clubfoot assessments reliabilities the above two 
systems produced interobserver reliability of fair to moderate only [Wainwright et al., 
2002]. The variation between observers was assessed using the kappa test which for 
no agreement has a value of 0 and for complete agreement a value of 1.
Catterall, [1991] created an assessment form appraised nine variables including 
creases, range of motion, cavus, and the lateral border of the foot. The results were 
used to define four patterns of sofl;-tissue contracture: resolving, tendon, joint, and 
false correction. Wainwright et al., [2002] found 42% of the feet were not classifiable
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and there was poor to slight agreement between consultants when the system was 
used.
Dimeglio et al., [1995] divided clubfeet into four groups with the use of a twenty- 
point scale. Points were apportioned according to motion, with four points each for 
equinus, varus of the heel, internal torsion, and adduction [fig 2.9]. In addition, one 
point each may be added for the presence of a posterior crease, a medial crease, cavus, 
and poor muscle condition. The points were then converted into four grades, each 
with implications for the success of treatment. Grade I indicated the clubfoot was 
mild or postural, not requiring surgery; grade II, moderate- there was considerable 
reducibility; grade III, severe- the clubfoot was resistant but partially reducible; and 
grade IV, very severe - it was teratologic [fig 2.10]. They recommended grade-I feet 
be excluded from statistical analysis, as they tended to improve results artificially. 
After excluding grade-I feet from their series, they found 30% of the remaining 
deformities were grade H, 61% were grade m, and 9% were grade IV. Dimeglio et al., 
[1995] have published a clear explanation of the assessment of the components of the 
deformity which produces the score in their classification system [table 2.2]. The 
authors assessed the consistency of their scoring system and found with training there 
was a reduction in the discrepancy from 40% to 6 %. Although the system of 
Dimeglio is complex it gave the best agreement in the repeatability study conducted 
by Wainwright et al., [2002] and was found to produce substantial agreement in 
CTEV assessment.
Table 2.2 The system of Dimeglio et al., [1995] for the classification of CTEV
Classification
grade
lype Score Reducibility
I Benign <5 >90% soft-soft, resolving
II Moderate 5 to 10 >50% soft-stiff, reducible, 
partly resistant
III Severe 10 to 15 <50% stiff-soft, resistant, 
partly reducible
IV Very severe 15 to 20 <10% stiff-stiff, resistant
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Fig 2.10 The Dimeglio scale for evaluation of clubfoot severity
[From: Dimeglio et al., Classification of clubfoot. J Pediatr Orthop B. 1995. 4:129-36].
The Pirani evaluation system [Pirani et al., 1995] quoted six clinical signs to represent 
the severity of the deformity, three represent posterior contracture (posterior crease, 
empty heel and rigid equines) and the other three represent medial contracture
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(curvature of the lateral border of the foot, medial crease and the lateral part of the 
head of talus). Each of these clinical signs were scored as either 0 (normal), 0.5 (mild 
abnormality) or 1 (severe abnormality) [Fig 2.11].
F
Fig 2.11 The Pirani score- lateral curvature
Example: lateral curvature o f the foot as it changes from score 1 to 0 during treatment
The foot undergoing treatment was assigned:
A Total Score (TS) of up to 6 (0 = normal, 6 = severe) composed of:
- A Midfoot Score (MES) of up to 3
- A Hindfoot score (HFS) of up to 3
This quantifies how much posterior and medial contracture was present before and 
with treatment.
Pirani evaluated one hundred clubfeet from seventy children aged 0-9 weeks at the 
start of the serial manipulations and casting according to the Ponseti method 
(discussed in detail in section 3.1.3). The feet were evaluated weekly by three 
independent and blinded observers. There were 2080 patient encounters and 12,480 
individual data points. Each foot received a Total Score (TS), Hind Foot Score (HFS) 
and Mid Foot Score (MFS) by each observer at every clinic visit. All scores were 
analyzed using the Kappa statistic for determining agreement between observers.
All scores expressed substantial or almost perfect inter-observer reliability with
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weighted Kappa of 0.74 to 0.92 [Pirani et al., 1995].
A consecutive series of nineteen clubfeet who were treated according to the Ponseti 
method of serial manipulations and casting and scored every week were examined 
with serial magnetic resonance imaging (MRI) examinations during treatment using a 
special protocol designed to visualise and measure the amount of osteochondral 
pathology present. An MRI scoring of hindfoot deformity, midfoot deformity and total 
deformity according to MRI was compared to the clinical score and validated using 
the Pearson correlation. The correlation coefficient for the total clinical score and the 
total clinical MRI score was 0.786 (p<0.01). The correlation coefficient for the 
midfoot clinical score and the midfoot clinical MRI score was 0.712 (p<0.01). The 
correlation coefficient for the hindfoot clinical score and the hindfoot clinical MRI 
score was 0.651 (p<0.01). The author’s conclusion was the scoring system is both 
reliable and valid [Pirani et al., 1995].
Flynn et al., [1998] conducted an assessment of clubfoot evaluation systems. Fifty 
five feet were evaluated and scored by two examiners according to the Pirani and the 
Dimeglio classification system. Correlation coefficient was found to be 0.90 for the 
Pirani system and 0.83 for the Dimeglio system (p=0.0001). Correlation coefficients 
were lower for the first fifteen feet scored. The conclusion was there was a very 
good inter-observer reliability after the initial learning phase for both schemes.
Dyer PI, Davis N, [2006] analysed the data fi*om seventy idiopathic clubfeet treated 
by the Ponseti method and scored according to the Pirani system and found the Pirani 
scoring system to be reliable, quick and easy to use with a significant positive 
correlation between the initial Pirani score and the number of casts needed for 
correction and between the initial hindfoot score and the chance of requiring a 
tenotomy.
In a study by Lehman et al., [2003] testing the short term results of the Ponseti 
treatment method, the Pirani scoring system was used successfully before, during and 
after treatment for both initial evaluation and assessment of treatment.
The Pirani score is the most popular scoring system being used by orthopaedics and 
physiotherapists are treating clubfoot deformity according to the Ponseti method. 
Using the same evaluation scheme makes it easier to communicate and compare 
treatment outcome. Although it doesn’t cover the whole aspect of the clubfoot 
deformity, the Pirani score was chosen as an outcome measure for this study; it is
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simple, repeatable, covers the three dimensional aspect of the deformity and can be 
used before, during and after treatment. The Pirani score is being taught in the Ponseti 
treatment courses and is accepted by all centres involved in the Ponseti method of 
treatment.
In this chapter CTEV was reviewed in terms of anatomy and pathoanatomy, aetiology 
and the various ways of assessing, classifying and evaluating this complex condition. 
The last method of assessment reviewed was the Pirani score was chosen as an 
outcome measure for this study. The next chapter describes the options of treatment of 
CTEV along with their complications and focuses on the most popular method being 
used today, the Ponseti method.
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Chapter Three- Treatment of CTEV
This chapter describes the current options for treating CTEV. The chapter begins by 
reviewing the non surgical management available, focusing on the Ponseti method 
being the most popular and relevant to this study. The second part of the chapter 
presents the options of surgical treatments, their preferred timings and indications. 
Since this study doesn’t offer an alternative to the current treatment but an addition to 
it, this is not a critical analysis of the treatment methods but a descriptive background 
of the surgical and non-surgical methods of treatment with emphasis on the most 
popular method in Britain the Ponseti method. It was given to offer a better 
understanding of different treatment methods available for the reader without a 
clinical background.
3.1 Non surgical management
For a long period of time surgical treatment for CTEV dominated because it was 
thought to predictably obtain full and lasting correction [Roye and Roye, 2002]. 
However long term follow up results of many children treated with extensive surgical 
release has revealed high rates of overcorrection, under correction, stifSiess and pain 
[Magone et al., 1989]. Kuhlman and Bell in 1957 found clubfeet treated by anterior 
tibial tendon transfer had a better result than feet treated by posteromedial release. 
Laaveg and Ponseti, [1980] reported results after non surgical treatment were better 
than results reported after surgical release . Following the non satisfactory results a 
renewed interest in less extensive surgery options and conservative treatments has 
risen [Dee et al., 1997, and Roye and Roye, 2002].
Most orthopaedic surgeons have agreed initial treatment of clubfoot should be non­
operative and should be instituted soon after birth [Dee et al., 1997, Morcuende, et al., 
1994, Noonan and Richards, 2003 , Roye and Roye, 2002].
The Kite method, which is discussed first, was the first to propose manipulation and 
cast immobilisation [Kite, 1930] although the cast was applied below the knee. 
Currently the Ponseti method is most commonly used in North America and the UK, 
and the “French” method is popular in the rest of Europe. Although both methods 
were proven to be effective, the technique of correction is quite different. The Ponseti
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method of weekly manipulation and cast application to hold correction allows for 
relaxation of the collagen and for a-traumatic remodelling of the joint surface 
[Morcuende et al., 1994, Ponseti, 1996]. Over the course of five weeks the displaced 
bones are gradually brought into congruent alignment and their joint surface remodel. 
The French Functional method consists of daily manipulation of the foot, stimulation 
of the muscles around the foot (particularly the peroneal muscles) to maintain the 
reduction achieved by the passive manipulation, and temporary immobilisation of the 
foot with adhesive strapping [Dimeglio et al., 1996, Richards et al., 2005 , Richards 
and Dempsy, 2007]. The daily treatment continues for the first two months and then 
gradually reduced. Although the method most widely used in the UK is the Ponseti 
method, and this study followed treatment it is also beneficial to understand the 
rationale behind the French method since it corresponds with the thinking behind this 
work.
3.1.1 The Kite method
The Kite method [Kite, 1930] was introduced by Kite in the late twenties and 
consisted of manipulation and serial casting in a prescribed manner derived firom the 
concept of three point fixation. Each component of the deformity was corrected 
separately and not simultaneously like the “French” and the Ponseti methods 
described on sections 3.1.2 and 3.1.3. The cast applied after the manipulations, was 
below the knee. Although this method was reported to be effective (able to achieve 
plantigrade feet) in more than 90% of the cases, treatment required an average of 20.4 
months in casts [Kite, 1972]. Thus surgical management was recommended for those 
patients with residual deformity after three months of manipulation and casting 
according to this method of treatment [Noonan and Richards, 2003]. The results of 
over 90% success rates were not replicated in consecutive trials using the same 
method of treatment [Lehman et al., 2003] and the assumption plantigrade appearing 
feet equals success is not acceptable .
3.1.2 The French method
The “French” method was developed in the 1970s in fiance and is also known as “The 
functional method” [Bensahel et al., 1990, Bensahel et al., 1994]. It consisted of daily 
manipulation and manual stimulation of the muscles around the foot (especially the 
peroneal muscles) for forty minutes to maintain reduction achieved by passive
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manipulation and temporary immobilization of the foot with non-elastic adhesive 
strapping [Fig 3.1]. Daily treatments are continued for two months and reduced to 
three sessions per week for an additional six months. Night time splinting is used for 
an additional 2-3 years. The results reported good outcome in 50% of the infants and 
for those still requiring surgery the procedure was usually limited to posterior 
structures only. The outcome was rated according to whether the foot needed any 
further surgery and whether it was plantigrade. The major concerns raised were the 
considerable time and expertise needed as well as the economical consideration.
Fig 3.1 Strapping according to the French method [From; Richards et al.. Nonoperative 
clubfoot treatment using the French physical therapy method. J Paediatric Orthopaedics 
2005;25: 98-192].
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In the early 1990s the Continuous Passive Motion (CPM) machine was added to the 
French method intending to further mobilize the infant’s foot during sleep [Fig 3.2]. 
Passive range of motion means the joint is moved without the patient's muscles being 
used. Continuous Passive Motion devices are machines have been developed for 
patients to use after surgery. The focus of the French method was to relax the 
posterior tibialis muscle and medial fibrous zone through combination of progressive 
passive manipulation, active muscle work, taping and splinting. The purpose of the 
CPM was to soften the tissue in preparation for the physical therapy manipulations.
Fig 3.2 A CPM machine
It is part of the French method protocol and is used during sleep [From: Richards et al.. 
Nonoperative clubfoot treatment using the French physical therapy method. J Paediatric 
Orthopaedics 2005; 25: 98-192].
With this addition to the treatment regimen, fewer patients needed surgery than 
previously reported, and for those who did, less extensive releases were required 
[Dimeglio et al., 1996]. Most of the improvement occurred during the first three 
months of treatment [Dimeglio et al., 1996]. The results showed improved rate of 
successful non-surgical outcome with the addition of CPM to 74%. The disadvantage 
remained the high expertise, and success rates dependant on the skills of the physical 
therapist.
Johnston and Richards, [1999] reported their results with the French method. In their 
study, forty-eight feet were treated with a regimen of stretching exercises. A 
continuous-passive-motion machine was not utilized. Thirty-six feet were successfully
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treated without surgery, nine required minimal surgery, and three required a 
comprehensive soft-tissue release. In a follow-up study, Richards et ah, 2000 found 
the French technique to be more effective than traditional manipulation and 
immobilization in a short-leg cast (method not specified).
Richards and Dempsy, [2007] assessed MRI changes occurred in clubfoot after 
treatment according to the French fimctional method, specifically the chondro-osseous 
anatomy and the joint relationships. MRI images were obtained fi*om six infants 
before treatment and three months after treatment. The MRI protocol described 
previously for clubfeet who were treated according to the Ponseri method [Pirani et 
al., 2001] was followed closely. The results showed improvement in the chondro- 
osseous abnormalities resembled the change following the Ponseti method with the 
exception of the equinus in the calcaneus in two cases led to the conclusion of the 
need for more tenotomies to be performed. While the French method seems like a 
very promising method of treatment, to date there are no long term results include the 
CPM machine addition and the concerns regarding the substantial time and expertise 
needed could prove to be a key factor in clinical uptake.
3.1.3 The Ponseti method
The Ponseti method was developed in 1950 at the University of Iowa. It treated CTEV 
in the order of the four basic clubfoot deformities which are Cavus, Adductus, Varus 
and Equinus [Ponseti and Smoley, 1963].The aim of treatment is early and full 
correction of all components by gentle manipulation and well moulded, thinly padded 
plaster casts, which are changed every four-seven days [Fig 3.3]. Five or six cast 
changes are sufficient to correct most deformities [Ponseti and Smoley 1963, 
Morcuende et al., 1994, Noonan and Richards, 2003, Roye and Roye, 2002].
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Fig 3.3 Series of four consecutive clubfoot casts from the same patient, showing correction of 
all deformities (except equinus) according to the ponseti method.
The foot is abducted on the talus 50° to 60° by the fourth casting. [From: Colburn and 
Williams. Evaluation of the treatment of Idiopathic Clubfoot by using the Ponseti Method. J 
of Foot & Ankle Surgery, 2003. 42(5): p. 259-267]
The guidelines for elubfoot treatment developed by Ponseti are as follows 
[Morcuende et al., 1994]:
1. A ll components o f  the clubfoot must be corrected simultaneously, exeept for 
the equinus, which is corrected last.
2. The cavus, which results from pronation o f  the forefoot in relation to the 
hindfoot, is corrected together with the adduetion by supinating and 
abducting the forefoot in proper alignment with the hindfoot.
3. With the arch well moulded and the foot in slight supination, the entire foot 
can be gently and gradually abducted under the talus [Fig 3.4], which is 
secured against rotation in the ankle mortise by applying counter-pressure 
with the thumb against the lateral part o f  the head o f  talus. Heel varus w ill be 
corrected when the entire foot is abducted under the talus.
4. Finally equinus is corrected by dorsiflexing the foot. This is generally 
facilitated by tenotomy o f  the Achilles tendon.
5. Well moulded plaster casts are applied after manipulations are complete.
33
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig 3.4 Illustration of bone position during correction according to the Ponseti method.
(A) The anterior portion of the calcaneus ( marked C) is beneath the head of the talus in
clubfoot. (B) As the foot is abducted under the talus, the anterior portion of the calcaneus
moves laterally. (C) The foot is abducted under the talus 50° to 60°. This allows the anterior
portion of the calcaneus to abduct out from under the head of the talus to allow dorsiflexion of
the anterior portion of the calcaneus and correction of the equinus deformity [From: Colburn
and, Williams. Evaluation of the treatment of Idiopathic Clubfoot by using the Ponseti
Method. J Foot & Ankle Surgery, 2003. 42(5): p. 259-267].
A percutaneous tendo Achilles tenotomy may be needed to faeilitate correction of the 
equinus if dorsiflexion of the ankle is less than 15°, which was true of 95% of the feet 
treated by Morcuende et al., [1994]. After correcting the deformity, splinting full time 
for two-three months and during sleep times until age three -  four is advised by the 
treatment guidelines, to help prevent recurrence [Fig 3.5]. The abduction splint or 
brace is a well-fitted open-toed high- top shoe attached in external rotation to a bar of 
about the length between the infant’s shoulders. Since the main corrective force of 
varus and adduction is abduction (external rotation of the foot under the talus) the foot 
is maintained in the same degree of abduction as it was in the last plaster cast 
[Ponseti, 1996].
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Fig 3.5 The Denis -Brown foot abduction brace
The brace is used by one of this study participant. The brace follows the manipulations and 
casting according to the Ponseti method. The right foot is 60° abducted and the unaffected left 
foot is about 20° (physiologically) abducted.
Until recently, there has been no literature using an existing clubfoot rating method to 
evaluate progress of the Ponseti method [Lehman et al., 2003]. The result of the 
treatment was considered successful if clinical correction of the foot and the ankle 
motion were satisfactory [Morcuende et al., 1994]. Relapses were expected in 50% of 
the patients and were treated successfully with additional manipulation and casting for 
four-eight weeks. If the anterior tibial muscle tended to supinate the foot strongly 
during gait, transfer of the anterior tibial tendon to the third cuneiform was aimed at 
preventing additional relapses.
Long term results (average of thirty four years) showed 78% of the feet had excellent 
or good ratings (using pain and functional limitations as outcome criteria) as 
compared with 85% in the normal population. Lower extremity length was not 
significantly different but calf circumference remained smaller on the clubfoot side 
and the foot was shorter and narrower. The active and passive flexion-extension and 
inversion-eversion averaged 10° less than in the normal feet. All children could walk
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on tiptoes. Mild degenerative changes were noted in 33% of the case [Morcuende et 
al, 1994].
Pirani et al., [2001] published an MRI study with the description of the 
chondroosseous abnormalities of the virgin clubfoot deformity and illustrated the 
changes occur with the Ponseti method of treatment. Scans were performed at the 
beginning of, in the middle of, and at the end of the casting period in twelve clubfeet 
treated according to the Ponseti guidelines. The study showed the Ponseti method of 
treatment resulted in correction not only of the abnormal positioning of the tarsal 
bones, but also the abnormal shapes of the individual tarsal osteochondral form, 
probably because of the change in growth resulting from the change in the mechanical 
loading of fast growing tissues.
Lehman et al., [2003], tried to systematically and exactly reproduce the Ponseti 
technique in its entirety. To follow the progress of the feet two classification systems 
were used (Dimeglio and Pirani) along with a third system developed in the 
institution. The age and compliance rate were also taken into account. The results 
showed a significant difference between the initial and the last follow up score in all 
three classifications (p<0.0001). After 3-6 months follow up the patients who were 
compliant with the brace had nearly 100% success rates if the treatment started before 
the child was seven months of age. Patients not compliant with the brace had good 
results in only 50% of the feet. The compliant group contained twenty seven feet out 
of the thirty eight feet placed in the brace. As indicated by Ponseti some patients may 
require tibialis anterior tendon transfer to compensate for muscle imbalance resulting 
in deformity recurrence. Based on this current data the conclusion was the Ponseti 
casting technique provided excellent early results may limit the necessity of extensive 
surgical procedure [Lehman et al., 2003].
Another recent study reported the experience with the Ponseti technique and 
principles for fifty seven clubfeet (thirty four infants) [Colburn and Williams, 2003]. 
The Dimeglio grading system was performed to establish the severity of the deformity 
before treatment. The criteria for successful outcome were defined as ankle 
dorsiflexion of >10° and a plantigrade foot without heel varus. After completing the 
casting regimen and the Achilles tenotomy when needed, the feet were placed in a
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foot abduction brace according to the Ponseti guidelines. The average follow up was 
twenty three months. The results showed 95% of the feet were corrected without 
requiring posteromedial release, 5% required posteromedial release. Six patients 
suffered a relapse despite initial successful correction. In all of these cases the parents 
admitted to non-compliance with the brace regimen. The study concluded careful 
adherence to the treatment protocol can result in similar rates of successful outcomes 
as achieved by Ponseti. It also concluded the importance of maintaining correction 
with the foot abduction brace is paramount to successful treatment [Colburn and 
Williams, 2003]. The limitations of the study were the subjective evaluation of the 
plantigrade foot and the limited outcome measures.
Changulani et al., [2006] reported the initial experience of using the Ponseti method in 
the Royal Liverpool Children’s Hospital, Liverpool, England. Sixty six children with 
ninety six idiopathic clubfeet were treated by the Ponseti method. Assessment of the 
deformity was by the Pirani club foot score and the mean period of follow up was 
eighteen months. Relapse of the deformity was noted in thirty one feet (32%). Four 
feet required repeated casting alone, seven repeated casting and re-tenotomy and five 
required a tibialis anterior tendon transfer to the lateral cuneiform. The remaining 
fifteen feet needed an extensive soft tissue release. Of the relapsed feet 68% had 
problems with compliance with the foot abduction brace.
Shack and Eastwood, [2006] reported the early results of a physiotherapist delivered 
Ponseti service in two hospitals in London. Twenty four children with forty clubfeet 
were treated according to the Ponseti method. The initial assessment of severity and at 
each follow up was done using the Pirani clubfoot score. Assessment of muscle 
function and patient satisfaction was conducted as well. The mean period of follow up 
was 20.3 months. Relapse of the deformity was noted in three feet which correlated 
with low compliance with the brace. The compliance with the brace was 90%. Three 
out of the nineteen feet were assessed for muscle function had no evertor activity 
after correction of the deformity.
Haft et al., [2007] examined the early rates of clubfoot recurrence following the use of 
the Ponseti method in the population of New Zealand and analysed patients’ 
characteristics to identify factors predictive of recurrence. Fifty one babies with
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seventy three idiopathic clubfeet were followed for a mean period of thirty five 
months. The initial assessment was done using the Pirani score. Recurrence was 
classified as minor defined as requiring a tendon transfer or an Achilles tendon 
lengthening, or major defined as requiring a full posterior or posteromedial surgical 
release. Twenty one (41%) had a recurrence which was major in twelve of them and 
minor in nine. The compliance rate for the brace was 51% and low compliance was 
associated with the greatest risk of recurrence. Eight feet required tibialis anterior 
tendon transfer. Within the compliant group there were still three out of twenty six 
required major surgery.
Dobbs et al., [2004] examined the factors predictive of outcome after use of the 
Ponseti method. Eighty six clubfeet from fifty one infants were examined 
retrospectively for the several factors including the severity of the deformity 
according to the Dimeglio system (reviewed in section 2.6), age at the beginning of 
treatment, demographic data and compliance with the foot abduction brace. Non 
compliance with the foot abduction brace was reported in 41% of the cases. This 
result had a significant correlation with treatment results. Educational level (high 
school education or less) also was a significant risk factor. All the other factors 
examined didn’t have a significant effect on the risk of recurrence. The authors argued 
compliance with the foot abduction brace is not a trivial issue, given the expense and 
the time is required, as well as psychosocial factors which carry an impact.
From these studies two important points come into view:
> The considerable variability in compliance rates using the foot abduction brace 
after successive treatment.
>  The considerable variability in success rates at different centres.
>  The need for tibialis anterior tendon transfer surgery in residual dynamic 
clubfoot.
3.2 Surgical management
The goal of surgery is to restore, or create, as normal a foot as possible [Roye and 
Roye, 2002]. This involves re-establishing the anatomic relationships between the 
bones of the foot and ankle, particularly the talus, calcaneus, navicular, and cuboid. 
Additionally, the surgeon must be careful to balance the surrounding soft tissues to 
help maintain the correction achieved at surgery.
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3.2.1 Timing of surgery
There is no agreement on the timing of surgery. Supporters of early surgery (before 
three months of age) state there is a great deal of growth in the foot and therefore a 
substantial remodelling potential during the first year of life. The disadvantages for 
early surgery are the neonate foot is small and identification of anatomical structure 
is difficult, mild feet might resolve with conservative treatment [Ballantyne and 
Macnicol, 2002] and there is little margin for error in surgery. Hence many centres 
prefer surgery at the three-six months stage. Surgery in the nine-twelfth month has the 
advantage the pathoanatomy is more obvious and the child is approaching walking 
age. Weight bearing is corrective in its own right and waiting until age may help to 
maintain the correction achieved in surgery [Ballantyne and Macnicol, 2002].
Delayed surgery also allows time for conservative treatment and maybe the need for 
less extensive surgery.
3.2.2 Skin incisions
Operative exposure should be sufficient to allow access to the subtalar, ankle, 
talonavicular and calcaneocuboid joints. It must also allow exposure of the Achilles 
tendon for tendon lengthening. Incisions fall into one of three categories: the Turco 
oblique posteromedial incision; the circumferential or Cincinnati incision, and the 
two-incision or Carroll approach. Each has its own limitations [Cummings and 
Davidson, 2002].
3.2.3 Surgical treatment
In 1979, Turco introduced the one-stage soft tissue posteromedial release. This 
procedure releases the posteromedial and subtalar sort tissue allowing correction of 
the bony abnormalities. The reduction was secured with a Kirschner wire through the 
talonavicular joint. In his fifteen year follow-up study, Turco [1979] reported 84% 
excellent or good results meaning plantigrade feet, with only 7% of the feet 
demonstrating recurrence of the deformity. Notably, 70% of feet in the fair category 
(11% of all feet) were overcorrected with this aggressive release [Roye and Roye, 
2002]. Others have described complete circumferential subtalar releases allowing 
correction of the talocalcaneal malalignment in the transverse plane [Ballantyne and
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Macnicol, 2002]. The long term results of surgically treated patients gave poor 
anatomical and functional outcome along with arthritic changes and pain [Aronson 
and Puskarich, 1990]. Today, these releases are only used in the most extreme 
circumstances.
When choosing a surgical procedure the surgeon has to keep in mind both under and 
over correction can lead to complications.
Due to the diversity and complexity of CTEV the extent of surgery needs to be 
determined accordingly. The chosen procedure must address the need of the individual 
patient [Bensahel et al., 1987].
Understanding the pathoanatomy of the deformity is essential for developing a 
structured approach for treating the particular disorder. The order of surgery is as 
follows:
> Tight structures at the back of the foot are addressed first to allow derotation 
of the calcaneus and subsequent divergence of the calcaneus and talus, 
allowing the hindfoot to dorsiflex.
> The posteromedial structures are released after carefully protection the 
neurovascular bundle.
>  After correction of the hindfoot equinovarus , attention is turned to forefoot 
adduction and supination using reduction of the talonavicular joint.
> If there is persistent subluxation of the navicular attention must be paid to the 
calcaneocuboid joint.
3.2.4 Postoperative Care
There are many postoperative regimens. Although all surgeons recommend cast 
immobilization, whether to put the plaster on in the operating room or one week 
postoperatively is still debated. Additionally, there is no agreement as to the type or 
duration of immobilization. Options range from a short leg cast to a long leg cast to a 
cast hinged at the ankle. The length of immobilization ranges from four weeks to four 
months. Also, many authors utilize some sort of post immobilization splinting, which 
ranges from short term use of orthotics to a Denis Browne splint or night brace for up 
to two years [Roye and Roye, 2002].
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3.2.5 Complications of treatment
Non- surgical:
Although generally considered safer than surgery, manipulation and casting are not 
without complications [Dee et al., 1997, Roye and Roye, 2002]. Pressure sores are 
common if too much pressure and insufficient padding are used during casting. 
Fractures can occur with forceful manipulation although these are less common. A 
flattop Talus and several foot deformity results from forced attempts of wrong 
correction.
Surgical:
Complications of surgical management include:
>  Under correction of one or several elements is presented as residual or 
recurrent equinus with or without varus, supination and adduction deformity 
or cavus deformity.
> Over correction in the form of excessive valgus hindfoot which is associated 
with pes planus. The incidence of the deformity increases with the number of 
operative procedures [Ballantyne and Macnicol, 2002].
>  Neuro-vascular compromise: loss of sensation to the foot, damage to the 
posteromedial neurovascular bundle.
> Infection
> Scar hypersensetivity
> Transection of the soft and cartilaginous tarsal bones,
>  Damage to the physis and osteonecrosis of the talus or navicular.
> Wound healing problems: sloughing and gangrene.
3.2.6 Surgical treatment for relapsing clubfoot
Relapse is expected following full non operative correction for congenital clubfoot 
with incidence ranges from 26.5 to 50% [Parsetti et al., 2006]. The first clinical sign is 
a dynamic inversion of the foot with slight equinus. If left untreated the dynamic 
deformity can become stiff and cause both ftmctional problems and problems with 
footwear.
Garceau in 1940 first described the surgical technique of anterior tibial tendon transfer 
to the lateral side of the foot to correct the invertor-evertor imbalance observed in 
relapsing congenital clubfoot. Garceau [1940] reported transferring the tibialis 
anterior tendon to the base of the fifth metatarsal bone or to the cuboid changing its
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pool from the medial to the lateral side of the leg. The procedure involved three 
incisions, one over the anterior tibial tendon close to its distal insertion, a second at 
the level of the musculotendinous junction and a third over the junction of the fifth 
metatarsal and the cuboid. The tendon was detached from its original insertion, pulled 
out through the second incision, moved to the lateral side of the foot and fixed to the 
base of the fifth metatarsal or the cuboid. Ponseti and Smoley [1963] modified the 
technique by making only two incisions, one from the lower margin of the extensor 
retinaculum to the distal insertion of the anterior tibial muscle and the second centred 
on the third cuneiform. The tendon was transferred underneath the extensor 
retinaculum, which was left intact and reinserted to the third cuneiform. Singer and 
Fripp , [1958] attributed recurrence after correction to peroneal insufficiency being 
the most powerful deforming factor and performed anterior tibial tendon transfer 
according to a different technique is presented and was improved since then. Farsetti 
et al., [2006] examined the results of thirty five relapsing clubfeet operated according 
to the Ponseti and Smoley [1963] technique. The follow up was carried out after 
skeletal maturity. None of the operated patients had further relapse. This procedure 
has become an important part of management of the clubfoot deformity. Kuo et al., 
[2001] compared full tendon transfer or split tendon transfer with similar results. As 
expected all patients increased eversion motion and strength after tendon transfer. 
Additionally there was a significant increase in dorsiflexion and to a lesser degree 
plantarflexion. The author explained it to be due to ”a better alignment of the ankle 
joint and the hindfoot places the ankle joint in a more efficient position for rage of 
motion”. The different surgical variations mentioned in the above studies have the 
same rationale behind them.
In this chapter the surgical and non- surgical options for treatment of CTEV were 
presented. The most common treatment for clubfoot today is non- surgical according 
to the Ponseti method. Relapses in the form of dynamic inversion are treated 
surgically by anterior tibial tendon transfer. The aim of this surgical technique is to 
balance the muscles of the foot because in relapsing clubfoot the anterior tibial muscle 
does not work as a dorsiflexor-evertor but an invertor of the foot, which may be due to 
a more medial insertion of the tendon than in normal feet. The relative weakness of 
the main evertor muscles, the peronei, has been reported with electromyographic 
studies by Feldbrin et al., [1995] and Ezra et al.,[2000]. The rationale behind this
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surgical treatment and its success rate have led to the idea of strengthening the weaker 
peroneal muscles using electrical stimulation in an attempt to reduce relapses hence 
reduce the need for this surgery. The next chapter presents the idea of electrical 
stimulation and reviews the work was published so far on electrical stimulation in 
children.
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Chapter Four -  Neuromuscular electrical stimulation
Neuromuscular Electrical Stimulation (NMES) is the electrical stimulation of skeletal 
muscle through motor or sensory nerves to assist in the treatment of postural or 
movement disorders. NMES can be applied therapeutically for improving strength and 
Range of Motion (ROM). It can also be applied to decrease spasticity and facilitating 
motor learning or serve as a functional orthosis.
The aim of this chapter is to present an introduction to electrical stimulation in general 
and to electrical stimulation in children in particular. In the first section the history, 
physiology and stimulation parameters are discussed. In the second section the 
therapeutic applications of electrical stimulation are introduced followed by a 
literature review of electrical stimulation in children. The work has been carried out 
on children with cerebral palsy is used to give the rationale for muscle strengthening 
around the ankle joint for children with CTEV along with the stimulation protocol and 
technique chosen.
The final part of the chapter presents the very limited work available regarding 
electrical stimulation for the treatment of CTEV.
4.1 History
Applying electrical pulses to the human body to achieve a clinical effect is more than 
2000 years old. The first application (400BC) treated headaches, asthma and 
haemorrhoids by using electrical stimulation fi*om torpedo fish via topical application. 
During the 18* and 19* century a better understanding of both neurophysiology and 
electricity developed with the discovery of the “Faradic” electromagnetic machine in 
1831 and with physicians such as Duchenne who used electrotherapy to treat patients 
after researching the actions of muscles in the body and identifying the motor points. 
The use of electrical current to resuscitate animals with cardiac arrests was taking 
place in 1931 by Hyman and applied to the human heart by Zoll in 1952. The first 
mobile cardiac pacing system was developed in 1958 by Furman and Schwedal 
[Hambrecht and Resnik, 1977]. In 1961 Liberson et al. introduced the concept of 
functional electrotherapy and used electrical stimulation for treating patients with
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hemiplegia. The application of electrical stimulation has expanded since then and 
today includes cochlear implants, cardiac pacemakers, defibrillators and orthotic 
applications. Functional electrical stimulation (FES) systems are being used routinely 
today in stroke patients, patients with multiple sclerosis and cerebral palsy as 
reviewed in section 4.5.
4.2 Physiology
The generation of movement is achieved by communication between the central and 
the peripheral nervous system via the neurons, which are the basic unit of the nervous 
system.
The action potential and muscle activation: The nerves, which are excitable tissue, 
are designed to carry waves of ions in the form of action potentials. This is the 
message unit used to transmit information over a distance.
Action potentials are self-propagated waves of depolarisation, unique to this type of 
tissue. The action potential is the change in resting membrane potential which is the 
outcome of the membrane permeability characteristic and the presence of ion pumps. 
Both nerve and muscle tissues have a characteristic resting membrane potential. An 
action potential can be triggered by mechanical, chemical or electrical stimuli. To be 
effective in causing depolarisation, a stimulus must be of sufficient magnitude and 
must be applied for a long enough time to exceed the threshold of excitation for the 
tissue. An individual striated muscle is composed of groups of elongated cells called 
myofibres, collected together in fasciculi. These myofibres, enclosed by a cell 
membrane, are composed of bundles of myofibrils, made up of thick and thin 
contractile proteins called myofilaments. The organisation of the myofillaments in 
repeating units give skeletal muscles their cross striated appearance [fig. 4.1]. Muscle 
fibres are arranged in motor units, each motor unit is innervated by a single motor 
nerve.
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Fig 4.1 Morphologic features o f skeletal musele 
[from: Baker et al. Neuromuscular electrical stimulation- a practical guide. Rehabilitation 
Engineering Program, Los Amigos research & education Institute, Raneho Los Amigos 
Medical Center 1993, ppl3]
Electrical current activates a motor unit by inducing action potentials in the motor 
nerve. The action potential is propagated along the nerve to the axon terminal where a 
chemical transmitter is released and diffuses across the synaptic gap between the 
nerve and muscle fibre membrane. The transmitter, acetylcholine, is taken up at the 
“motor end plate “of the muscle fibre and causes depolarisation of the muscle 
membrane. This initiation of excitation is the physiological method of muscle 
contraction and also the mechanism for activation in application of electrical 
stimulation of innervated muscle. Since nerves demonstrate a lower threshold than 
muscles, activation takes place through the motor or sensory nerve.
The result of an adequate membrane depolarisation is a contractile response. For a 
single myofibril, this is an “all or none” response cannot be altered by varying the 
intensity of the stimulus. On the other hand the magnitude of a single fibre response 
can be altered by the timing of the stimulus. Because only the muscle membrane and 
not the contractile mechanism exhibit a refractory period, repeated activation of the 
excitable mechanism can increase the magnitude of the response from the eontracting
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elements. By the time the muscle membrane has recovered from its refractory period 
the contractile process within the fibre is only beginning. Another wave of excitation 
occurs when the contractile elements are partially contracted causes increased 
contractile force. As the repetition rate increases, the muscle response shows a 
decreasing distinction between individual contractions or twitches. This process of 
summation is called tetany [fig 4.2]
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Fig 4.2 Summation of contraction and tetany
The single muscle twitch shown in the left comer is followed by successive muscle twitches 
at higher frequencies. As the interval between stimuli is shortened, the muscle does not return 
to its resting tension between responses. When stimuli become sufficiently frequent, the 
summating contractions fuse and can not be individually distinguished. This state is called 
tetany, [from: Baker et al. Neuromuscular electrical stimulation- a practical guide. 
Rehabilitation Engineering Program, Los Amigos research & education Institute, Rancho Los 
Amigos Medical Center 1993, ppl5]
Application of artificial electrical stimulation: two electrodes are providing an 
interface which enhances skin conductivity between the stimulator and the patient. 
The current from the stimulator enters the skin through one electrode and leaves
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through the other creating an electric field [Fig 4.3]. The flow of electrons from the 
stimulator is converted to a flow of ions in the motor nerve and if the stimulus reaches 
the threshold of the nerve, an action potential is generated. Electrical stimulation is 
usually applied to a musele through its characteristic motor point, the best stimulation 
site for the muscle, which is normally close to where the motor nerve enters it. Motor 
points vary between individuals and finding the best place to stimulate a muscle 
requires some trial and error.
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Fig 4.3 Current flow between positive and negative skin electrodes 
[from: Baker et al. Neuromuscular electrical stimulation- a practical guide. Rehabilitation 
Engineering Program, Los Amigos research & education Institute, Rancho Los Amigos 
Medical Center 1993, pp23]
Waveforms: Several stimulation waveforms have been used to cause neural 
excitation. They can be classified to galvanic or direct current (a steadily applied 
voltage) or faradic (pulsed waveforms). The waveforms can be classified into 
monophasic and biphasie eurrents and the biphasic can be further classified into 
symmetric and asymmetric. The effect of the asymmetric biphasic waveform is to 
provide a monophasic-like excitability, while reducing ion redistribution and the 
subsequent risk of skin irritation. Asymmetric biphasic waveforms ean be balanced 
(equal ion flows in both direction) or unbalanced (without equal current distribution). 
The most desirable asymmetric biphasic waveform is the balanced waveform, which 
reduces any concern of skin disturbance.
Thresholds: The action potential travels down the neuron to the motor end plate, 
where the final result is muscle shortening due to the formation of cross-bridges 
between the muscle filaments through ea ++ release. Each electrical stimulus can
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generate one action potential up to a maximum frequency defined by the nerve’s 
reeovery time, the refraetory period. The amplitude or the duration of the current 
pulses should be equal or higher than the threshold of exeitability. The relationship 
between the amplitude and the duration is reeiprocal; in order to create a stimulation a 
higher amplitude is needed when using a short duration and vice versa. From the 
threshold level the foree of muscle contraction can increase until a maximum level 
and beyond further increase in amplitude will not cause any change in eontraction 
strength.
Recruitment order: Physiologically, motor units are recruited asynchronously, 
beginning with the smallest motor unit first, then larger ones, according to the amount 
of force required. This asynchronous, task dependant recruitment allows motor units 
to rest between firings and provides control of movement. In contrast electrical 
stimulation recruits large motor units first, asynchronousy and simultaneously, since 
the diameter of the motor neuron is inversely proportional to its excitability threshold. 
With increasing stimulation intensity smaller motor units ean be reeruited [fig 4.3]. 
The larger motor units have mainly typel I muscle fibres, which are capable of rapidly 
generating high forces, but relatively fatigable. Thus electrically conducted 
contractions will be abrupt and will exhibit fatigue (decreasing force production over 
time) unless stimulation eurrent is modulated in spécifié ways.
49
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig 4.4 Recruitment of nerve fibres by altering electrical stimulation amplitude.
(a) A stimulus pulse at an amplitude and duration just above threshold will excite the closest 
and largest fibres, (b) Increasing the intensity (amplitude) will excite smaller fibres close to 
the electrode as well as larger fibres farther from the electrode, [from: Baker et al., 
Neuromuscular electrical stimulation- a practical guide. Rehabilitation Engineering Program, 
Los Amigos research & education Institute, Rancho Los Amigos Medical Center 1993, pp23]
4.3 Stimulation parameters
The parameters of concern are frequency, intensity, pulse width, on/off cycle and 
ramping.
Frequency: The rate at which nerve fibres fire action potentials is dependent on the 
pulse repetition rate or frequency. Physiologically neurons fire action potentials at a 
rate of 5-25 pulses per second. This frequency combined with asynchronous 
recruitment of motor units generates smooth muscle contraction. The summation of 
the contractile force of the muscle fibre responses to action potential is tetany. A 
frequency of 30-50 pulses per second is required to produce a smooth tetanic 
contraction using electrical stimulation unlike a series of muscle twitches (transient 
tension) is produced with lower frequency. This is the frequency range for most 
NMES applications. Stimulation frequencies in the upper range will produce more 
force but will fatigue faster and lower stimulation rates will be less fatiguing but less 
forceful [Fig 4.4].
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Fig 4.4 Effect of frequency on fatigue
The rate at which muscle fatigues during sustained contraction is affected by the stimulation 
frequency. The frequency of tetany for this muscle group (35 pps) is noted in the bold line. 
Increasing the frequency to 50 and 90 pps, increases fatigue, [from: Baker et al. 
Neuromuscular electrical stimulation- a practical guide. Rehabilitation Engineering Program, 
Los Amigos research & education Institute, Rancho Los Amigos Medical Center 1993, pp35]
Intensity and pulse duration (width): The current amplitude and duration must be 
equal or greater than the threshold of excitability of the stimulated tissue. Therefore 
the current intensity in milliamperes (mA) varies with pulse duration; short duration 
pulses require higher intensities and long duration pulses require lower intensity. As 
intensity increases, force of contraction increases due to recruitment of motor units 
within the nerve. Figure 4.5 shows the strength in motor response resulting from 
adjusting the current amplitude with pulse duration held constant. The increase torque 
is the result of recruiting additional motor units.
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Fig 4.5 Effect of amplitude on muscle recruitment
As current amplitude is increased from zero, no muscle response is observed until threshold is 
reached. On the other end of the curve, increases in amplitude beyond maximal level results 
in no additional force response, [from: Baker et al. Neuromuscular electrical stimulation- a 
practical guide. Rehabilitation Engineering Program, Los Amigos research & education 
Institute, Rancho Los Amigos Medical Center 1993, pp30]
Since NMES stimulates both sensory and motor nerves, higher current intensity can 
cause pain even before the desired motor response achieved. Clinically the 
appropriate current intensity is the one tolerated by the patient and which elicit the 
desired motor response. Typical values of pulse amplitude are up to 100 mA and pulse 
duration is between 0.2 and 0.4 ps.
The affect of pulse amplitude on the population of nerve fibres excited is 
demonstrated in Fig 4.3. In Figure 4.3a the excited fibres are nearest to the electrode 
and following the size ordering of excitability, the largest in diameter respond first. 
When the amplitude is increased as shown in Fig 4.3b, additional nerve fibres are 
excited inckuding both smaller fibres near the electrode and larger ones further from 
the electrode. Thus the recruitment order by electrical stimulation when the amplitude 
is increased in not strictly the inverse of a voluntary recruitment since smaller fibres 
closer to the electrode will respond to increasing amplitude.
On/Off cvcle: An on/off cycle is incorporated to avoid muscular fatigue. The “off’ 
part allows ionic gradients and neurotransmitters to recover in nerve and muscle. This
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enables treatment programs to be maintained for longer periods of time to achieve 
specific therapeutic goals. A ratio with a very long “off’ part is very time consuming 
and a very short one results in rapid fatigue.
Ramping: To make stimulation more comfortable and less abrupt the current intensity 
may be ramped up to its peak intensity over several seconds and ramped down again 
towards termination of the stimulus. This design of recruiting motor units more 
gradually can be done by increasing the amplitude slowly, causing gradual excitation 
o increasing number of nerve fibres. Another method is increasing the pulse duration 
with the same preset amplitude. There is no difference in sensation or quality of 
recruitment between these two methods. Ramping avoids alarming the patient with 
abrupt muscle contraction or a sudden cessation of stimulation of a muscle working 
against gravity. It is also less likely to cause a spastic response.
4.4 Therapeutic applications
For motor re-education NMES is often a supplement to the patient’s volitional 
contraction efforts to leam or re-leam a motion. NMES stimulates the agonist muscle, 
being triggered manually by the therapist so it occurs simultaneously with the patients 
volitional efforts. The fi-equency normally used is 30-50 pulses per second (pps), the 
intensity is as necessary to achieve low- moderate force of contraction. The therapist 
can trigger the stimulation using an on: off ratio to avoid fatigue. Because the patient’s 
cooperation is required the protocol might call for several training sessions per day for 
several days a week.
For strengthenings the protocols are based on the principle over time, a muscle will 
adapt in response to specific force generating demands placed on it. The primary 
mechanism for the later strength increase associated with regular resistive exercise is 
an increase in the contractile proteins, which result in muscle hypertrophy. Type II 
muscle fibres are recruited most easily by NMES because they are innervated by the 
largest motor neurons so these will be the ones strengthened.
The protocol for strengthening would use the upper end of the 30-50 pps range, a 
maximally tolerated intensity a low number of repetitions and three-five times per 
week treatment frequency.
For inhibiting spasticity the assumption is spasticity impairs function and NMES can 
provide a “window of opportunity” during which other forms of therapy can be
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implemented. For this purpose either the agonists or antagonist muscles can be 
stimulated, with frequency of 30-50 pps, intensity adequate to elicit fair muscle 
contraction and a gradual ramp to avoid clonus. Stimulation will be applied as needed 
before other therapy. This application attempts to prevent joint contractures and 
increase joint range.
There are two different strategies used for increasing ROM', one is to stimulate the 
muscle which is the prime mover to move the body segment through its ROM against 
gravity. When the current goes off the segment returns to the starting position by the 
force of gravity. The second is to move a joint through its ROM in a gravity- 
eliminated position by alternating stimulating the prime mover and its antagonist. The 
previous parameters apply here with gradual up and down ramping for comfort.
4.5 Stimulation in children- literature review
Electrical stimulation has been used for many years in adults for the rehabilitation of 
muscle activity following neurological damage e.g. stroke and spinal cord injury. In 
children less work has been reported and it mainly focused on children with cerebral 
palsy (CP). The published work on electrical stimulation in children reviewed below 
is divided into three sections according to three different concepts of stimulation; 
Functional Electrical Stimulation (FES), Therapeutic Electrical Stimulation (TES) and 
Sub-Threshold Electrical Stimulation (sTES). This review includes all three types of 
stimulation in order to consider stimulation parameters, methods of treatment and the 
results achieved in order to produce the appropriate study design for this work.
Details of the stimulation parameters for the studies reviewed below are summarized 
in Table 4.1.
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Table 4.1 Stimulation parameters in studies involving children with Cerebral palsy 
Glossary:
Dur - duration of stimulation
Sess - session length
Ch - number of channels
Hz - frequency in Hz
mA - amplitude in milliampers
h - hours
min - minutes
m - months
w- weeks
ps - pulse width
n- night
pw- per week
d- day
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Investigator Dur. Sess. Ch ps Ramp Hz mA Ontoff
Dubowitz
1988
8 w Ih ,3/d 1 40
Murray
1989
3/w lab 
2/w home
Ih 6 300 0.5 sec 40 42.4-
60.4
Carmick
1993
2-4/w 
5w-6m
15-20
min
2 300 2-0.5
Sec
30-35 Increas
ing
10:25-15:15
Carmick
1993
2/w
5w-6m
15-20
min
2-4 2-8
sec
5-35 Increas
ing
10:25-15:15
Wright et al 
2000
6 w 30min
daily
300 1 sec 30 10-40 10:10
Hazlewood
1994
5w Ih/d 2 100 2 sec 30 varied 7:15
Steinbok et al 
1997
12m 8-12 h
/n
2 300 2 sec 35 <10 8:8
Beck
1997
14m 9h/n 
45 min/ 
3 pw
1-2 sec 35
40
Until
first
tingle
12:12
7:3
Comeaux et al 
1997
8w 15 min 
/3pw
2 0.5 sec 32 15:15
Bertoti et al 
1997
7m, 10m 15x2/d
5/w
14 <200 yes 20 1:2.5
Sommerfelt et 
al 2001
12 m >5 h/n 
6n/w
2 300 40 <10
Dali
2002
12m 6 h/n 
6n/w
2 35 1-5
Van der 
Linden 2003
8w Ih/d
6d/w
1 100 0.8 sec 30 Increas
ing
5:15
Durham et al 
2004
36 w 20-30
min
3-350 0-4
sec
40 15-100 switch
Galen et al 
2004
20w 30min 1 300 30 40 switch
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4.5.1 FES
FES is the application of electrical stimulation in order to achieve an effective muscle 
contraction in an attempt to restore lost or impaired neuromuscular hinction such as 
standing or walking.
Murray et al., [1989], investigated the effect of FES on the ambulation of an eleven 
year old boy with spastic diplegic CP. The stimulation parameters are specified in 
Table 4.1. The patient received stimulation over a six month period three times a week 
at home for quadriceps strengthening and knee ROM, and another two lab sessions a 
week for reduction of spasticity and gait improvement by stimulating the antagonist 
muscles. Gait improvement was accomplished by using six channels of stimulation 
while ambulating, with the stance to swing alternation achieved using an electrical 
switch controlled by the subject. There was an improvement in the knee and ankle 
ROM as measured by a goniometer against gravity in a seated position with the knee 
flexed. An improvement was also observed in distance to fatigue, velocity during 
ambulation, posture and spasticity, which was measured using a torque Cybex H 
device.
Murray et al also reported of an increase awareness of the muscle groups and their 
correct action during the gait cycle due to the manual switch which may facilitate 
retraining of gait patterns. Since both functional stimulation in the lab and therapeutic 
stimulation at home were used during the same period the results can not be attributed 
to one or the other.
Carmick, [1993], documented in a case report the functional change of three children 
ages 1.6, 6.7 and ten years with hemiplegic CP after applying NMES together with a 
task oriented model of motor learning to the tibialis anterior, triceps surae ,gluteus 
maximus or hamstrings, according to each child’s weaknesses, and progress for a 
period of two-eight months. The pulse rate was 30-35 Hz; the duration was 300 psec, 
amplitude increased to the child’s tolerance, ramp time 2-0.5 sec and on: off fi*om 
(10:25) to (15:15). The functional stimulation was triggered by the therapist using a 
remote-control switch. During functional stimulation the on time was determined by 
activating the switch at the time the child seemed to need muscle to function.
Carmick reported improvement in gait and active range of motion (AROM) of the 
ankle with the knee flexed or extended after stimulating the triceps surae muscles but
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not the tibialis anterior in one case, and after stimulating both triceps surae and tibialis 
anterior in the other two cases. Adding stimulation of the medial hamstrings and 
gluteus maximus to the first case resulted in improvement of both gait patterns and 
posture with a long carryover effect. Gait pattern was assessed using a pressure 
sensitive carbon paper records foot placement during the gait cycle and can be 
analysed for measuring gait parameters (pedograph) and gait videos. There was also 
an improvement in the Physiological Cost Index (PCI) values in the last two cases.
The PCI is a gait efficiency measure and is expressed in heart beats per meter 
travelled. All three children had received extensive physiotherapy and biofeedback 
treatments before the study without significant improvement. Their impressive 
improvement would appear to be attributed to NMES.
In 1995, Carmick published another case report study, continuing the rationale of 
stimulating the calf muscles in CP children instead of weakening them surgically, this 
time to manage equinus and improve gait. A portable NMES unit with a hand held 
remote switch was applied to calf muscles of four children during the gait cycle. The 
children were thirty three to fifty six months old with various involvement of CP.
Over a period of three to twelve months, the stimulation of the tibialis anterior, 
gluteus maximus, lateral hamstrings or external abdominal oblique was added to some 
of the children during the period depending on their condition. Stimulating the tibialis 
anterior had a negative effect and was stopped after a short period with an immediate 
positive result when the calf muscles were stimulated. The other muscles were 
stimulated along with the calf muscles or added after a period of only calf muscle 
stimulation. The periods of stimulation for the other muscles and the reason for 
introducing them are not specified. The ehildren showed improved gait, balance, 
posture, foot alignment and AROM with a carryover effect. The toe walkers became 
plantigrade and the equinovalgus foot position diminished. The results were based on 
subjective observation of the investigator and ROM measurements only.
Carmick’s two papers demonstrated NMES to be efficient in children with CP and 
without any short term complications. In both a qualitative and a quantitative way 
Carmick reported FES to improve ROM, balance and gait pattern. Although 
promising, Carmick's studies are lacking both in the number of subjects and in a 
uniform treatment protocol with quantitative data collection and interpretation.
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Another report, part two of the two part case report published by Carmick in 1993, 
documents the functional change of two children (the same children used in part one), 
aged 1.6 and 6.7 with hemiplegic CP after applying NMES together with a task 
oriented physical therapy programme to the upper extremity.
For the muscles of the hand in children with CP Carmick preferred using low pulse 
rates initially (5-7 Hz) which was more comfortable for the child and the amplitude 
could be higher. Eventually the pulse rate reached 35 Hz with ramp time starting at 
eight seconds reaching two seconds. The on: off times were (10:25) initially reaching 
(15:15) for a total time of fifteen-twenty minutes. A remote control switch was 
facilitated according to the child’s functional needs.
The muscle stimulated were triceps, wrist extensors, finger flexors, thumb abductors 
and extensors. The children’s functional abilities during the treatment session 
determined which muscles were facilitated. The setup of two NMES units with two 
remote control switches allowed four different muscles groups to be used.
The younger child showed immediate improvement in the ability to crawl and use 
both hands together only after NMES was added to his physiotherapy programme.
The older child’s right upper extremity was not functioning, looked smaller and 
appeared atrophied. After ten sessions of physical therapy with NMES the child was 
using his hand spontaneously and occasionally even using it independently to hold 
items. Carmick concludes “with NMES, unused muscles can be stimulated when 
needed and the sensory input from NMES can give needed sensory awareness of what 
is happening in the hand to allow motor learning to occur and to permit motor 
control”. The results in this report were qualitative and subjective, but nonetheless 
encouraging and warrant further investigation.
Wright and Granat, [2000], investigated the effect of electrical stimulation on the 
wrist extensor muscles of a group of eight children with hemiplegic CP, mean age ten 
years. The study design involved a baseline (three weeks), treatment period (six 
weeks) and a follow up (six weeks). The six week treatment period included a daily 
thirty minute session of FES of the wrist extensor muscle of the impaired upper limb. 
The stimulation was carried out at home with a pulse width of 300ps, frequency of 30 
Hz, on: off (10:10), ramp of one second and an intensity of 10-40 mA for achieving 
maximum wrist extension without discomfort. The same stimulator sites were used in
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all therapy sessions. Assessments of hand function and active wrist extension were 
carried out weekly during the baseline period and fortnightly thereafter.
Hand function was assessed using the time taken to complete three specific tasks. 
Active wrist extension was measured using a PC based system, previously built in the 
bioengineering unit which is specified in the paper.
The results showed a significant improvement in hand function and wrist extension 
after FES treatment with a carry over effect six weeks after treatment was stopped. 
This study demonstrated FES can be used to improve upper limb ftinction and 
strength and might be suitable for a variety of upper limb applications.
Hazlewood et al., [1994], in a prospective controlled comparative study with matched 
pairs evaluated the effect of electrical stimulation of the tibialis anterior and extensor 
digitorum on ankle ROM and gait in twenty children aged five-twelve years with 
hemiplegic CP.
The pairs of children were matched roughly according to age, severity of gait pattern 
and ankle ROM. Each pair was allocated randomly to either the stimulated or the 
control group. The stimulation was given to the tibialis anterior and extensor 
digitorum muscles at 30 Hz frequency with pulse width of lOOps, (7:15) on: off and 
two seconds ramp time for one hour a day at home during normal indoor activities for 
a period of five weeks. No attempt was made to time the muscle contraction according 
to the task. Assessment was done before and after the stimulation period which 
included neurological assessment, active and passive ROM of knee and ankle using an 
electrogoniometer, muscle power in the tibialis anterior, extensor digitorum, peronei 
and triceps surae using the MRC grading system. Temporal (time-distance) 
parameters of the gait cycle were recorded using a foot switch for detecting the foot 
position throughout the gait cycle. The results showed a statistically significant 
increase in passive ankle dorsiflexion with the knee extended from 40 to 60 % of the 
mean ROM of the non-affected side, and a statistically significant difference in the 
active dorsiflexion when the child was sitting comparing the stimulated and the 
control group. There was also a difference in the tibialis anterior muscle power, but 
not the other muscles tested. There was no significant difference in other active and 
passive ROM parameters measured as well as a non significant shift into dorsiflexion 
in the early stance phase. Analysis of the gait patterns did not show a significant 
change to accompany the increased passive and active ROM.
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Comeaux et al., [1997], treated fourteen ambulatory children with hemiplegic or 
diplegic cerebral palsy who were not able to achieve heel strike with NMES to the 
gastrocnemius or to the gastrocnemius and tibialis anterior during normal gait and 
specific functional activity with increasing intensity.
Each child experienced four phases of treatment (four weeks each): pre and post 
treatment (without NMES), NMES to the gastrocnemius, and NMES to the 
gastrocnemius and tibialis anterior. The stimulator pulse rate was 32 Hz, ramp 0.5 sec, 
amplitude turned up slowly until a visible contraction was seen. A remote control 
switch was available for each channel and controlled by the investigator. For the 
treatment period the children were seen three times a week for fifteen minute sessions. 
After each treatment phase data collection was undertaken using video and markers 
on anatomical landmarks. A goniometer was used to measure ankle dorsiflexion from 
the video monitor. No reliability studies were performed.
The results showed a significant and immediate improvement in mean ankle 
dorsiflexion during heel strike by four degrees in both the gastrocnemius and the 
gastrocnemius and tibialis anterior phase without any difference between them and 
regardless of the order they were given. This improvement correlated with the 
subjective comments of both the patients and physiotherapists.
In the discussion the authors attempted to explain the concept of stimulating the 
spastic calf muscles in toe walking children. Several theories were suggested 
including the effect of NMES on muscle strength, reciprocal inhibition and NMES as 
a proprioceptive input for the timing of gastrocnemius contraction. The results of this 
study support Carmick's case reports [1995] of improved gait patterns in the three 
hemiplegic children who received stimulation to the triceps surae alone in one case 
and triceps surae with tibialis anterior in the other two cases. In both studies the 
change in ROM and gait was achieved almost immediately.
Bertoti et al., [1997], applied percutaneous intramuscular FES to two six year old 
children with spastic diplegic CP in order to achieve strength and functional 
improvement through coordinated sequenced muscle activation.
The children underwent bilateral surgical implantation of electrodes into several 
muscles of the lower extremities, fourteen channels altogether. FES intervention 
consisted of strengthening antigravity muscles during stance and an exercise
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programme to activate weak muscles during subtasks such as stable stance, weight 
transfer and unilateral limb loading, using the stimulus as a motor learning assist. 
Stimulation parameters are specified at table 4.1 .Stimulation delivery was controlled 
by a foot switch or a thumb switch.
Measurements included ROM (method not specified), a pedograph and Gross Motor 
Function Measure (GMFM) score.
Both children showed an improvement in hip and knee ROM, which functionally 
contributed to a more erect stance posture with less dependence on any assistive 
device. Improvement was noted in spatial gait characteristics like step length and base 
of support, as well as improvement in GMFM, which included the ability to walk 
unassisted, stop, start and change directions while ambulating with carryover effects. 
No specific scores were mentioned in the GMFM. The base of support change was 5.6 
cm and the step length change was 7.7 cm. No discomfort firom the electrodes and 
stimulation was reported. Bertoti et al., suggested according to this study the 
simultaneous activation, strengthening and training of multiple muscle groups offers a 
unique approach in addressing the functional limitations in children with CR
Durham et al., [2004], tested the effect of FES applied to tibialis anterior during swing 
on the walking patterns of ten ambulatory children aged six-fifteen with hemiplegic 
CR An ABA study design was conducted, each phase being twelve weeks with 
stimulation applied in the 'B' phase to the tibialis anterior during walking (see Table
4.1 for stimulation parameters). A foot switch controlled the on/off cycle timed to 
stimulate the ankle dorsiflexors at toe off and stop just after foot contact.
Kinetic, kinematic and split screen video data were collected at baseline, at week one 
and at the end of the twelve weeks intervention. Kinematic data were collected using a 
marker detection system and sagittal and firontal plane video recordings. Kinetic data 
were obtained from a force platform, leg length and height were measured using a 
tape measure and a wall mounted measure respectively. The primary outcome 
measure was Heel-toe interval and the secondary outcome measures were changes in 
the asymmetry of the temporal spatial parameters of gait, which was calculated for 
each parameter by dividing the mean value for the affected side by the mean value of 
the unaffected side. A ratio value of one reflects symmetry. Descriptive statistics was 
used for the statistical analysis of this study, there was no control group.
The greatest asymmetries found were in patterns of foot contact (measured by heel-
62
toe interval) and duration of pre-swing double stance. The immediate effect of FES at 
the beginning and the end of the intervention phase were similar; an increase in heel- 
toe interval on the affected side and reduction of asymmetry of the heel-foot contact 
pattern and reduced pre-swing double stance times on both sides as well as the 
asymmetry. Without stimulation there was a small reduction in the asymmetry of foot 
contact pattern at the end of the intervention period and improvement in symmetry 
ratios for pre swing double stance for the affected side. These improvements together 
with increased walking speed at the end of the intervention period suggest a carryover 
effect. The limitation of the study were a lack of a control group and lack of 
information regarding how long each child used the stimulator each day and at what 
level.
Galen [2001], studied the effect of FES after Botulinum toxin A therapy. This case 
report included one four year old boy with spastic diplegic CP and dynamic equinus 
who had undergone Botulinum toxin A therapy for both his gastrocnemius muscles. 
Following the Botulinum toxin A injections, stimulation was applied bilaterally to the 
tibialis anterior for two weeks and the right gastrocnemius for the following two 
weeks. FES was applied daily for twenty-thirty minutes during the child's gait 
training. The frequency was 30 Hz, pulse width 300 psec and intensity increased up to 
20 mA. Foot switches were placed under the metatarsal heads bilaterally. Gait 
analysis, including kinematic data and EMG, was carried out following Botulinum 
toxin A injections and at the end of the FES period with and without stimulation 
assistance. The ankle kinematics following the Botulinum toxin A (BTXA) injections 
showed difficulty achieving dorsiflexion during swing phase despite sustained 
contractions of tibialis anterior during both swing and stance phases as shown by the 
EMG data, which may indicate muscle weakness. After the FES phase there was 
increase dorsiflexion during swing phase with shorter bursts of activity of the tibialis 
anterior and greater ROM signifying stronger contraction. There was no significant 
change in the contraction of muscles during stance phase following FES.
The progress of ankle kinematics during swing phase following FES indicates its 
potential benefit. This pilot study demonstrated the "window of opportunity" given by 
BTXA therapy without actual addressing the problem on its own, where FES could be 
used to improve it.
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Galen and Granat, [2004] presented preliminary results of a larger ongoing study 
testing the combined effect of BTXA therapy and FES in Dynamic Equinus. The 
results of five children, aged seven-eleven, who participated in this twenty week long 
study were presented. This period consisted of six study phases (baseline, BTXA, 1®^ 
FES, 1®^ control, 2"^  FES and 2"  ^control phases).
During the FES phase stimulation was applied to the tibialis anterior muscle and a 
foot controlled switch was placed at the heel. Stimulation was applied at a frequency 
of 30 Hz, pulse width of 300 psec and maximum intensity of 40 mA in twenty -thirty 
minutes sessions daily. Kinematic data and EMG studies were collected after each 
study phase in a gait lab. During the FES phases data were collected with and without 
stimulation aid.
The primary outcome measure was ankle dorsiflexion at the end of the swing phase 
indicating the pre-positioning of the heel.
The results showed positive gains in ankle dorsiflexion at the end of swing phase 
following FES (p=0.005) with a steady increase throughout the trial in all but one 
child who was the oldest. The rest of the data including the EMG and foot switch data 
were not analyzed at this preliminary stage.
This study indicates FES improves ankle dorsiflexion when combined with BTXA 
therapy and prolonged use of FES may bring about a further increase and have a 
carryover effect.
4.5.2. sTES-
sTES is sub-sensory threshold electrical stimulation given during sleep.
Steinbock and Kestle, [1997] performed a randomized single blind controlled study in 
order to determine the effect of sTES given for eight-ten hours per night for a one 
year period, on the function of fourty four spastic diplegic CP children aged between 
three to fifteen years following selective posterior rhizotomy. The control group 
received no sTES treatment and consisted of twenty two children. 
sTES was applied to the abdominal muscles, gluteus medius & minimus, quadriceps 
and tibialis anterior, two muscle groups at the same time moving to a more distal 
muscle group at three months interval if the proximal group attained good or normal 
muscle power (grade 4-5 on the MRC scale). The duration was of eight seconds on 
and eight off, two seconds ramp time, amplitude <10 mA, pulse duration of 300 ps 
and fi-equency of 35 Hz.
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The primary outcome measure was the quantitative change in GMFM score and the 
secondary was a sitting scale, muscle strength, tone, ROM and PCI.
The result indicated a statistically significant improvement in outcome for the sTES 
treated children by 3.6% (difference between the means of the two groups). Greater 
improvement was seen in the non- ambulatory subgroup among the patients. This 
result could either be attributed to a greater sensitivity of the GMFM score to changes 
in function in non ambulatory patients or to an actual better effect of sTES on this 
patient category. The measurements methods were not specified.
As far as the secondary outcome measures, no difference was found between the 
treated and untreated group.
Pape, [1997] in a review article introduced sTES as an alternative to the 
"conventional" use of electrical stimulation -  FES with the limitation of FES in terms 
of short-term duration effect and alleged safety considerations in the case of overwork 
of weak muscles as well as the inability of children to tolerate high intensities.
With sTES one uses sub-sensory contraction stimulus to promote muscle growth with 
the presumed mechanism of increased blood flow during a time of trophic hormone 
secretion during sleep. It was proposed it provides a time and cost effective method 
of treatment of disuse muscle atrophy with improvement of muscle bulk seen within 
six to eight weeks.
Pape suggested sTES to be a new promising form of electrical stimulation aimed 
specifically at treating disuse muscle atrophy.
Beck, [1997] added low amplitude daytime stimulation during therapy sessions to the 
night time sTES in a case report which included a nine year old boy with spastic 
diplegic CP. sTES was applied during sleep seven nights a week for nine hours each 
night and daytime stimulation was used during fourty five minutes therapy sessions 
three times a week for a period of fourteen months. The same stimulator was used and 
the parameters were adjusted from day to night time stimulation. Daytime stimulation 
was set at a comfortable level (frequency increased from 35 to 40 Hz and the omoff 
from (12:12) to (7:3) but with no visible contraction. Several muscles were stimulated 
with no mentioning of time frames and number of channels. The results showed 
improvement in the muscle strength of tibialis anterior bilaterally, an increase in ankle 
dorsiflexion bilaterally, consistent heel strike bilaterally and foot clearance during
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swing were lacking before treatment and there was also an increase in ambulation 
endurance from 0.07 mile to 0.5 mile on the treadmill. The author found both 
applications of sTES to be compatible and to complement each other.
Sommerfelt et al., [2001] tested the effect of sTES applied during the night to the 
antagonists of spastic leg muscles on motor function and spasticity in children with 
spastic diplegic cerebral palsy. They performed a randomized controlled crossover 
trial with twelve children between five and twelve years of age over a period of 
twenty four months. Six received sTES during the first twelve months and the other 
six during the second period.
sTES was applied to the quadriceps and tibialis anterior muscles through the night 
using a frequency of 40 Hz; Intensity of <10 mA and a pulse width of 300ps.
A child neurologist examined ROM (no method mentioned) at the ankle joint, muscle 
strength of the tibialis anterior, quadriceps and triceps surae using the MRC scale, 
deep tendon reflex and the speed of a number of lower extremity tasks at the 
beginning of the study, after twelve and after twenty four months. Four children with 
sufficient motor function were videotaped at these sessions and were then evaluated 
using the Peabody Developmental Motor Scale by three physiotherapists and graded 
as better, unchanged or worse. The results showed no statistical significant difference 
between the groups in ROM, muscle strength and motor function as assessed by the 
neurologists and physiotherapists. The subjective reports from parents were more 
positive than the above findings and could either be attributed to mild improvement 
was undetectable in formal assessment or to wishful thinking. The study lacked 
sufficient quantitative measures to back the conclusions.
Dali et al., [2002] conducted a study similar in many aspects to the one conducted by 
Sommerfelt et al., 2001 but with improved quantitative analysis and a larger study 
group. It was the first randomized double blind placebo-controlled clinical trial tested 
the effect of sTES. The study included fifty seven children aged five-eighteen years 
with spastic hemiplegic or diplegic CP.
sTES was applied at night to the quadriceps and tibialis anterior muscles for two 
thirds of the children with one third receiving an inactive stimulator. The intervention 
was applied over a twelve months period.
The results were both qualitative in the form of videotape assessments and
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quantitative for motor function, ROM, degree of spasticity and muscle growth, 
measured by computed tomography (CT).
Motor function was assessed quantitatively by an ability test designed for the study, 
spasticity was assessed using the Ashworth scale, muscle bulk was assessed by 
measuring the cross sectional area in cm  ^from CT and there was no details of the 
ROM method. The results showed no significant difference between the study and the 
control group in any of the quantitative measures. There was a slight tendency in 
favour of the active treatment in the videotape assessment, but an opposite trend in the 
objective indices of motor function, ROM and muscle size.
4.5.3 TES
TES, therapeutic electrical stimulation, is applied above sensation threshold but is not 
correlated to any specific movement or task.
Dubowitz et al., [1988], published a case report on two girls with hemiplegic CP, aged 
three years and five months and three years and eight months. The tibialis anterior 
was stimulated for one hour, three times a day at home for eight weeks. Muscle 
function was tested before and after electrical stimulation and compared to data from 
normal children. Evaluation included muscle fatigue index (FI), relaxation time and 
motor function. FI was measured as the change in muscle tension after three minutes 
of stimulation at 40 Hz for 250 ps every second, relaxation time was the time taken to 
half peak tension at 40 Hz. Motor function was evaluated clinically. The results 
showed improvement in FI in one case and substantial reduction in relaxation time 
and improved motor function in both cases. One child was reported to be able to 
dorsiflex the foot when the bodyweight was brought forward and the other child 
showed a greater stability in standing, he was able to bear weight on a plantigarde foot 
and there was improved toe-off at the beginning of swing phase.
Van der Linden et al., [2003] in a quantitatively assessed study tested the effect of 
stimulating the gluteus maximus muscles on hip extensor strength, hip internal 
rotation and GMF in children with CP. This prospective controlled single blind study 
was conducted on twenty two ambulant children aged five-fourteen with diplegic 
(n=14), hemiplegic (n=7) and quadriplegic (n=l) CP, who were randomly assigned to 
either the stimulation or the control group. Electrical stimulation was applied to the 
gluteus maximus muscle of the most affected leg for one hour a day, six days a week
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for a period of eight weeks. (See specific stimulation parameters in table 4.1). The 
following measurement were taken for all children before and after the eight week 
treatment period: three dimensional gait analysis, gluteus maximus strength using a 
myometer, passive range of motion (PROM) of the hip using a manual goniometer 
and section E of the GMFM (walking, running and jumping). The results showed no 
significant improvement in muscle strength, gait characteristics or motor function in 
the stimulated compared to the control group. Several explanations were offered one 
being a wider pulse width could have triggered a stronger contraction of the muscle, 
but in the pilot study conducted before the trial a wider pulse width resulted in an 
uncomfortable contraction. Another explanation was even when a good contraction 
was achieved the resulting movement of the thigh might have not been functional 
enough and electrical stimulation might be more successful when the movement 
achieved, is triggered in gait or in a movement similar to the movement in gait 
[Carmick 1993, Carmick 1995 and Comeaux et al., 1997]. Another suggestion was 
the gluteus maximus muscle might be a more difficult muscle to stimulate than the 
tibialis anterior or calf muscles because of its greater mass and a thick adipose tissue 
layer covering it.
A few limitations made it challenging to analyse the studies conducted in this field: 
the lack of standardisation in the severity of the condition and lack of information 
regarding stimulation parameters in a few studies and quantitative methods of 
outcome measurements. There are also very few randomised studies with an adequate 
numbers of participants and control groups. Several of the studies reviewed show a 
great deal of promise but more extensive randomised trials are essential to establish 
treatment guidelines for different patient groups, the most appropriate muscle groups 
to stimulate for each condition, ideal stimulation parameters and method.
From the work reviewed, electrical stimulation appears to be safe and feasible to use 
in children, FES and TES seems to improved muscle strength, motor function and 
ROM, and sTES didn’t seem to offer a significant improvement in all the outcome 
measures taken. Session times varied between studies but there was no report of a 
stimulation regime was less than fifteen minutes a day (for FES). As far as 
stimulation parameters are concerned, the authors seemed to be using the “trial and 
error” approach and not following any specific guideline or instruction.
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4.6 NMES for CTEV
The use of electrical stimulation for the treatment of CTEV was suggested by Kirsch 
and Pape, [1992] in a preliminary report was presented at the American academy of 
pediatrics, section on orthopedics. The treatment involved two children aged seven 
and eleven and a forty four year old patient who suffered from persisted residual 
problems of CTEV.
Low intensity electrical stimulation was applied at night for seven-nine months, 
starting with the tibialis anterior and quadriceps for the first three months and 
continuing with the Hamstrings and gastrocnemius muscles. The stimulation 
parameters were not specified nor how long they were used each night. The results 
showed an increase in the AROM of the ankle and foot, an increased muscle bulk of 
the thigh and calf, and an improvement in the number of steps per six meters and the 
numbers of meters per six minutes walk. Orthostatic (while standing) swelling and 
pain were decreased for the forty four year old patient. The authors suggested the 
outcome of CTEV may improve by including treatment of the muscle atrophy with 
sTES and younger children might demonstrate a greater benefit if treated prior to the 
pubertal growth spurt.
The current method of maintaining the foot position achieved after treatment of 
CTEV, the foot abduction brace with its unpredictable compliance rate, doesn’t 
address the issue of muscle imbalance around the ankle joint and the need for tibialis 
anterior tendon transfer at a later stage due to supination of the foot during 
dorsiflexion. NMES has been used in children with cerebral palsy to strengthen 
muscles in several methods. The rationale of strengthening the weak peroneal muscles 
in children with CTEV, on the basis of the methods used previously to treat children 
with CP, has been attempted by Kirsch and Pape, [1992]. Although limited in terms of 
number of patients, age and stimulation standardisation the study suggests good 
promise and calls for ftirther work to address this concept of treatment.
As discussed in the next chapter the focus of the work reported in this dissertation 
continued this rationale by offering an “active” addition to the treatment currently 
given to children with CTEV with NMES to the peroneal muscles. In order to achieve 
the best results possible stimulation was given in a very young age and FES was not 
an option for treatment since the children were under walking age and couldn’t
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cooperate in any active movement. Since stimulation was never reported to have been 
used in infants, the parameters were adapted to very young children by using one 
channel with an on: off ratio of (14:14), one second ramp up and down and an 
modifiable amplitude according to the infants tolerance. The electrodes chosen were 
round, twenty five millimetres in diameter in order to be able to isolate the muscles in 
question on the small calf. Since the sensory response was unexpected, the time per 
session was chosen to be thirty minutes a day divided into two sessions of fifteen 
minutes each. This decision was based on the shorter session times used in previous 
work and reviewed earlier. The next chapter will discuss the study methods in more 
detail and will review the outcome measures and the reasons behind choosing them 
for the study.
70
Chapter Five- NMES study methods
This chapter aims to explain the experimental approach adapted for the study using 
neuromuscular electrical stimulation (NMES). First the type of study and the subjects 
recruited are presented, along with the inclusion and exclusion criteria. Following this 
section, each phase of the intervention is outlined. Details of the outcome measures 
and the reasons behind choosing these measures are then reviewed.
5.1 Type of study
In this study an A^BA  ^approach was used. The ‘A’ refers to an intervention phase and 
the ‘B’ refers to a non intervention phase. In the intervention phases stimulation was 
applied to the peroneal muscles with a foot eversion being the desired response. Each 
phase lasted six weeks. The phase length was chosen based on the literature review 
(section 4.5) in which four weeks was the minimal time was reported to have had a 
positive effect with a year being the longest time. Eight weeks to three months was 
the average time. Since the children were normally reviewed at a six week interval by 
the treating physiotherapist the sessions were timed accordingly. Two groups of 
infants were investigated; a study or an intervention group and a control group with 
eight feet in each group. These numbers reflect the practicalities of availability and 
the need to provide sufficient data for analysis. This study design was chosen as 
appropriate to a pilot study with a small sample size. Even though the study group 
was compared to the control group, the ABA design provided more information for 
each participant than a standard design comparing the groups during only one period. 
The two stimulation periods could also be compared to each other and the effect of 
discontinuing the stimulation during the ‘B’ phase is valuable in order to demonstrate 
the exclusive effect of stimulation. An ABA design without a control group with ‘A’ 
being the stimulation periods and ‘B’ a period without stimulation was also 
considered as a study design. This study design was rejected because both the nature 
of the deformity and the outcome measures are extremely dynamic at this age and the 
time factor could not be ignored during comparison. A control group, age and severity 
matched, was essential to be able to demonstrate a change attributed to stimulation 
during each period. The control group was severity matched to the study group both 
at birth and at the beginning of the study. The literature review suggested FES and
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TES are better modes of stimulation than sTES. FES was not an option for this age 
group since cooperation is needed for FES and so TES was chosen as the method of 
treatment. sTES was also not appropriate since infants with clubfoot are instructed to 
wear the foot abduction brace during sleep and clearly stimulation cannot be applied 
when the brace is being used. Although not “functional”, the aim was to achieve full 
range of muscle contraction if tolerated by the infant. It was not possible to use a 
placebo or to use a double blind study due to the nature of the intervention (above 
sensory threshold stimulation).
Ethical approval was granted by Wandsworth Local Research Ethics Committee, and 
written informed consent was received from the children’s parents or guardians 
(Appendix B contains the parents’ information sheet, the consent forms, the approval 
letter and the diary cards for the stimulation and the foot abduction brace).
5.2 Selection of volunteers
Inclusion Criteria:
> Diagnosis of idiopathic CTEV
y  Have been enrolled onto a programme of serial manipulation and casting 
treatment using the Ponseti method
> Parents motivated to carry out programme
> Tolerance of the stimulator
Motivation to carry out programme was assessed during the period of the Ponseti 
treatment by the treating physiotherapist and/or orthopaedic consultant according to 
the compliance with the Ponseti treatment schedule e.g. not missing any of the weekly 
appointments.
Tolerance of the stimulator was assessed according to the response to the stimulation 
for the first time. It was anticipated stimulation may cause a sensory response and 
parents might not be enthusiastic to participate in the study if their baby was 
uncomfortable.
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The motivation of the parents
Exclusion criteria:
>  Previous use of stimulation.
>  Previous treatment or surgery
> Other neurological conditions causing any movement disorder or spasticity.
5.3 Study subjects
The infants were referred from five hospitals in the London area. The feet in the study 
and the control groups were matched according to the severity of the deformity using 
the Pirani score. With the unilateral cases the affected leg was assigned to either the 
study or the control group. In the bilateral cases data from each leg were collected and 
analyzed separately, one leg was assigned to the study group and the other to the 
control group. Although the different legs of the same patient are clearly not 
independent, the direct action of the stimulation was assumed to be local. The data 
were obtained by treating each leg as a separate observation. There is nothing in the 
literature reports any influence NMES has on the other foot and feet separation was 
reported in a study testing the effect of BTX injections and NMES. [Baker et 
al, 2002].
Subject selection recruitment was completed during the first few weeks of the infants’ 
lives, while they were being treated according to the Ponseti method with serial 
casting and Achilles tenotomy if necessary.
At the first meeting the project was explained to the parents and an information sheet 
was given for them to take home. The parents were encouraged to conduct an online 
research and to consult their GP regarding participating in the study.
The second meeting took place if the parents were willing to participate in the study. 
The timing of the second meeting was immediately after completing the Ponseti 
treatment and when about to be fitted with the foot abduction brace. In meeting the 
parents gave written consent to participation in the study and the infants were fitted 
with the electrical stimulator system. The parents received detailed verbal and written 
instructions of stimulation appliance and handling. The position of the electrodes was 
marked on the skin for ease of finding on the first few days and a photograph of 
electrode positions was taken and later sent to the parents.
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In case of a bilateral condition only one foot received stimulation. The foot to be 
stimulated was chosen by the parents.
5.4 Intervention
5.4.1 The stimulator
The Microstim MS2V2 exercise stimulator (Odstock Medical Limited, Salisbury NHS 
Trust) was used for this study. This stimulator was designed for the exercise of 
muscles. It is simple to use with minimal user control. The output intensity is ramped 
at the beginning and end of each cycle to produce a comfortable sensation. Eight 
stimulation modes are provided for general exercise. In this study two modes were 
used regularly; one is the continuous mode with 40 Hz pulse frequency was used for 
locating the correct electrode site, and the second was the alternate mode with the 
same frequency. In the alternate mode the intensity of each output gradually increases 
with two seconds of ramp up to the maximum level set by the therapist or parent 
according to the infant’s specific response. The intensity remains at level for ten 
seconds and gradually decreases with two seconds of ramp down to zero. The same 
cycle is then repeated for channel B and then the cycle is repeated again. Only one of 
the two outputs is on at a given time. This format can be used for exercising two 
muscle groups, but in this case only one channel was used with an on: off ratio of 
(14:14) seconds. The electrodes used were Pals Plus self- adhesive, round, twenty five 
millimetres in diameter (Nidd Valley Medical Ltd). The wear of the electrodes was 
different for different people and sufficient electrodes were supplied at the beginning 
of each stimulation period.
The stimulator parameters:
Frequency: 40 Hz
Maximum Pulse width: 330 ps
Maximum amplitude: 100 mA with IK Q output load.
Intensity controlled
A copy of the instruction manual is provided in Appendix B.
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5.4.2 Procedure
Details of the three phases of the study are now given, followed by more information 
on the data collected at each session. Table 5.1 provides an overview of the activities 
carried out at each stage of the study. The control group followed the same timeframe 
and measurements were taken accordingly. The control group also filled a diary for 
compliance with the foot abduction brace.
Table 5.1 The schedule of study procedures for the study group 
* The Ponseti treatment begins soon after birth and lasts 4-8 weeks
The study group schedule
Ponseti
*
Start of 
(week 1)
End of A* 
(week 7)
End of B 
(week 12)
End of A  ^
(week 18)
Informed consent
Static measures and Pirani 
score collection
Diaries of brace collected
Diaries of stimulator 
collected
Stimulator set up
Questionnaire
Check of equipment
Return of stimulator s/ ✓
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Phase A^:
At the start of the first ‘A’ period (weeks 1-6), baseline data of the infant’s Pirani 
clubfoot severity score complemented by static measures from the gait laboratory 
were collected. At the beginning of this treatment phase the parents in the study group 
were provided with the stimulator and were given detailed training in the use and care 
of the equipment. Written instructions were provided and a photograph of the 
electrode position on the infant’s foot was taken and sent to the infant’s home the next 
day. Fig 5.1 illustrates the electrodes position used. The electrodes position was also 
marked on the skin for the parents’ convenience. Care was taken to gain maximum 
foot eversion with the child’s tolerance. Stimulation was applied to the peroneal 
muscles directly through the estimated position of their motor points using the 
Microstim MS2V2 exercise stimulator (Odstock Medical Limited, Salisbury NHS 
Trust). It is not certain which peroneal muscle was stimulated or if all of them were, 
the desired response was eversion of the foot, ideally without dorsiflexion, meaning 
stimulating the superficial branch of the peroneal nerve and not the deep branch.
Since the infant leg and the desired muscles to be stimulated are very small, it was 
anticipated isolating the desired response might be more challenging to achieve. 
Parents were instructed to use the stimulation for fifteen minutes, twice a day and to 
complete a simple diary card recording daily use of the stimulator. The stimulation 
time per day was based on the literature review and the time stimulation was used 
with children with Cerebral Palsy generated a positive effect in terms of muscle 
strengthening and gait parameters. Since according to the Ponseti guidelines the 
children were only allowed one hour a day without the foot abduction brace, thirty 
minutes was considered a realistic time the parents could commit to. The time was 
divided to fifteen minutes twice a day since the concern was thirty minutes might be 
too long for the infants to tolerate and there was no information in the literature 
regarding the response to stimulation in this young age.
A telephone follow up was conducted the next day to ensure the stimulation was 
applied without any problems. Parents were encouraged to contact the Gait 
Laboratory or the treating physiotherapists in the event of any difficulties experienced 
during the stimulation period. The same measurements were repeated at the end of 
this six week phase and the stimulator and diary cards were collected from the 
parents. The same data were collected from the control group at the beginning and end
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of phase A \ Both the study and the control group were advised to use the foot 
abduction brace, which is a part of the regular treatment protocol for twenty three 
hours a day for the first three months and subsequently during sleep times.
Fig 5.1 Electrode position for stimulation of the evertor museles 
Phase ‘B’:
During Phase ‘B’ (weeks seven-twelve) stimulation was not used. Data were collected 
at the end of this six week period along with the diary card for the use of the foot 
abduction brace.
Phase A :^
In the final six weeks (weeks thirteen-eighteen), the stimulation was again used by the 
study group. The parents were reminded of the use of the equipment and electrode 
positioning and the stimulator was set up again by the investigators or the parents 
themselves if they were confident to do so during the hospital visit. The response to 
the stimulation in terms of muscle contraction, joint range achieved, amplitude used to 
achieve full joint range and sensory response were documented. Data were again 
recorded at the end of this phase. The parents were asked to complete the same diary 
cards recording daily use of the stimulator and the foot abduction brace. At the end of 
this phase a questionnaire regarding parents’ usage, compliance and perspective was 
completed in the study group.
5.4.3 The sensory component
From previous work conducted in children and adults it is known there is a sensory
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element to electrical stimulation. Stimulation causes a “pins and needles” sensation 
and sometimes discomfort. The stimulation amplitude is normally adjusted according 
to the individual tolerance and full range muscle contraction is sometimes not reached 
due to the patient’s discomfort.
Since stimulation is a novel concept for this age group the sensory response caused a 
concern while designing the study. It is also understandable parents’ tolerance to 
infant’s discomfort is probably very limited.
The stimulation time per day was chosen to be thirty minutes since it was the 
minimum stimulation time per day was demonstrated in the literature review to have 
had a positive effect. The thirty minutes period was divided into two fifteen minute 
sessions a day, taking the age and unpredicted response of both infants and parents 
into account.
5.5 Data collection
Data were collected at the infants’ local hospital before the routine appointment with 
the treating physiotherapist, which was held every few weeks in order to assess the 
feet and check if the foot abduction brace needed replacing. Before each session the 
child’s situation was assessed informally for any relevant details e.g. the child’s 
development, the child’s attitude towards the stimulation, and any difficulties in the 
daily routine with both the stimulation and the brace. The infants’ lower body clothing 
and shoes were then removed and they were placed supine on the examination table 
supported by a pillow. At the beginning of every session the evertor muscles’ activity 
was assessed qualitatively by manually stimulating the muscle with scraping the 
lateral border of the lower leg and foot and observing the response (described in 
section 5.5.1). The two examiners then assessed the following measures: the Pirani 
severity score and static measures which composed of the following: ankle 
dorsiflexion with the knee flexed (ADKF), ankle dorsiflexion with the knee extended 
(ADKE), ankle plantarflexion with the knee flexed (APKF), ankle plantarfiexion with 
the knee extended (APKE), calf circumference (CC), foot length (FL) and foot width 
(FW).
5.5.1 Active evertor muscles activity:
In order to have a qualitative idea of the degree of active or voluntary evertor muscle
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activity the foot was manually stimulated at the lateral border of the lower calf and 
foot to produce an evertor response. The response was considered “good” if an active 
eversion was observed, a “flicker” if the muscle was seen to contract under the skin 
without any movement of the foot, and absent when there was no activity at all. The 
option of testing movement against resistance was not applicable for this age group. 
In Fig 5.2 an example of good evertor muscles activity in the right foot is shown. 
Muscle contraction can be observed under the skin along with eversion of the foot. In 
Figure 5.3 poor muscle activity is demonstrated.
Fig 5.2 Good evertor activity observed after manual stimulation of the lateral lower calf area
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Fig 5.3 Poor evertor activity observed after manual stimulation of the lateral lower calf area
(a)- Resting foot position -  plantar view, (b) - after manual stimulation there is no 
eversion, the lateral row doesn’t change its position and the foot is inverted 
dorsiflexed.
Another qualitative method of testing evertor activity is EMG; surface EMG can be 
collected at the gait laboratory doesn’t seem to have an advantage over this method in 
terms of evaluating muscle activity.
Quantitative methods of evaluating muscle volume or surface area are imaging 
methods include computed tomography (CT), magnetic resonance imaging (MRI)
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and ultrasound (US). These imaging methods do not give information on muscle 
activity, only on muscle mass. The use of CT for this age group and for research 
purposes is excluded due to ethical reasons because of radiation exposure. The use of 
MRI for this age group nearly always requires sedation, which is, once more, an 
ethical concern. US is a good option for this age group but unfortunately was not 
available for this study.
5.5.2 The Pirani score:
The Pirani score was chosen as the primary outcome measure in order to evaluate the 
deformity from birth to the end of the study and monitor for short term recurrence 
rates of the deformity. The ideal system for this role should be reliable and 
reproducible. It should account for the three dimensional characteristics of the 
deformity, yet be simple enough to apply in practice. It should include information 
about rigidity or flexibility and should be comprehensive enough to be usable before 
during, and after treatment. It should help in determining treatment, predict the 
prognosis and compare results of treatment [Wainwright et al., 2002]. The Pirani score 
was chosen due to its reproducibility, simplicity in practice, recognition and use 
before during and after treatment, and its ability to compare treatment results. 
Recurrence of the deformity can occur up to age six but due to the time limit of the 
PhD this length of follow up was not feasible. Short term recurrence rate (during the 
first three month after correction) is a very important outcome measure and it is 
reported in the literature when not compliant with the foot abduction brace short term 
recurrence rates are most frequent
As discussed earlier in section 2.6, the Pirani system, which include six clinical signs 
change in severity according to the foot deformity, was documented. These signs were 
divided by area of involvement into two groups of three signs.
Signs of hindfoot contracture (HFC):
> Posterior Crease (PC)
> Empty Heel (EH)
> Rigid Equinus (RE)
Signs of midfoot contracture (MFC):
> Curvature of Lateral Border of Foot (CLB)
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> Medial Crease (MC)
> Lateral part of the Head of the Talus (LHT)
The clubfoot was assessed and assigned:
a) A Total Score (TS) of up to 6 (0 = normal, 6 = severe deformity).
b) A Midfoot Score (MFS) of up to 3 (0 = normal, 3 = severe deformity).
c) A Hindfoot Score (HFS) of up to 3 (0 = normal, 3 = severe deformity).
All measurements followed a written protocol (Appendix A).
5.5.3 Static measures:
The static measures were chosen as secondary outcome measures for this study were 
ADKF, ADKE, APKF, APKE and CC. The Pirani score is a descriptive score of the 
foot deformity but doesn’t include a detailed measure of joint range (only whether 
rigid equinus is present). Two of the problems this study is attempting to address are 
the reduced ankle ROM and CC in CTEV even after successful treatment. Measures 
of movement and muscle volume complement the Pirani score in terms of the effect 
of treatment. FL and FW were taken for descriptive purposes. The same 160 mm long, 
360° goniometer constructed of clear flexible plastic was used to record joint range. 
The same tape measure was used for recording CC, FL and FW. The repeatability of 
these measures is determined in a separate study (Chapter six). All measurements 
followed a written protocol for the gait laboratory specified in Chapter six.
5.5.4 Questionnaire
At the end of the last intervention phase (A^) all parents in the study group were 
requested to complete a questionnaire. The questionnaire was designed in order to 
assess three major topics:
1. Usage of the stimulation in terms of electrode placement and device handling, 
as well as the level of support which was offered by the researchers.
2. How stimulation was perceived by the infant according to the parents 
perception.
3. Whether the parents observed any effect which could be attributed to the 
stimulation and given the choice whether they would be interested in 
continuing with stimulation after the end of the study.
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The questionnaire was based on previous questionnaires used in the gait laboratory 
which were developed together with the clinical audit team.
The questions from the questionnaire are listed below (the full questionnaire is 
provided in Appendix B:
1. Is your child walking at the moment?
Yes □  No □
2. What were your hopes or expectations of using electrical stimulation?
3. Have you seen any effects or changes you think are related to or caused by 
the stimulation?
Yes □  No □
If yes, please state effects or changes seen
4. Was the stimulation easy to operate? (please mark the scale from 1 = very 
difficult to 10 = very easy)
□ □ □ □ □ □ □  □ □ □
1 2 3 4 5 6 7 8 9  10
very neither difficult very
difficult nor easy easy
If difficult, please state problems experienced:
5. Have you had to contact the team because of technical difficulties? 
Yes □  No □
If yes, how many times have you contacted the team?
6. How do you think your child felt about using the stimulator? (please mark the 
scale from 1 = very unhappy to 10 = very happy)
□ □ □ □ □ □ □ □ □ □
1 2 3 4 5 6 7 8 9  10
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very neither happy very
unhappy nor unhappy happy
7. Would you have liked yoiir child to continue to use the stimulation at the end 
of the trial instead of the night brace?
Yes □  No □
8. Please make any additional comments regarding the simulation or the trial:
The questionnaires were completed by one of the parents in private and handed to one 
of the examiners when complete. The questionnaires were not completed 
anonymously since it was important to correlate answers to subjects and not only 
know how many parents gave a specific answer. The risk of parents influenced to 
answer in a specific way by the author’s presence, e.g. in order to please, was 
considered. All the questionnaires were analysed together at the end of the whole 
study period.
5.5.5 Diary cards
At the beginning of each intervention phase the parents in the study group were given 
a simple diary card in order to monitor compliance with the stimulation protocol. The 
parents were requested to fill in the times and durations of stimulation each day. At 
the beginning of each phase the parents of both groups were given another diary card 
in order to monitor compliance with the foot abduction brace. The parents were 
requested to fill in the times and duration the brace was used each day. The parents 
were instructed to use the foot abduction brace for twenty three hours a day in the first 
three months so it was also acceptable to document only the times and durations of 
not wearing the brace.
A copy of the diary cards with one day filled as an example is brought below and the 
full cards are presented in Appendix B.
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The NMES diary card:
Please complete the following diaiy card each day by entering in the exact times stimulation was 
used. The first line has been completed as an example.
Week
Beginning
Monday Tuesday Wednesday Thursday Friday Saturday Sunday
06.06.05 8:00-8:15
17:05-
17:20
8:50-
9:02
18:30-
18:40
9:00-9:15 10:10-
10:25
16:00-
16:15
8:00-
8:15
17:05-
17:20
9:00-9:15
16:00-
16:15
9:00-
9:15
16:00-
16:15
The foot abduction brace diary card:
Please complete the following diary card each day by entering in the exact times the foot 
abduction brace was used. The first line has been completed as an example.
Week
Beginning
Monday Tuesday Wednesday Thursday Friday Saturday Sunday
06.06.05 08:00-
17:00
18:00-
08:00
07:30-
12:45
13:00-
18:00
18:30-
07:00
07:30-
14:30
14:45-
18:00
19:00-
07:00
8:00-
17.30
18:30-
07:00
07:30-
17:30
18:45-
07:30
08:30-
15:00
15:10-
18:00
19:00-
07:30
09:30-
10:30
12:00-
18:00
18:30-
07:00
5.5.6 The repeatability of the outcome measures:
The repeatability of the Pirani score’s had already been determined [Pirani et al.,
1995, Flynn et al., 1998, Dyer and Davis, 2006] and is in common use in Britain and 
around the world. The studies evaluating the repeatability of the score found a 
difference in the repeatability between the first few measurements and the 
measurements followed, is, a learning curve. In order to avoid a learning curve in 
this study the two examiners spent five days over a period of six weeks in the 
physiotherapy departments of five hospitals in the London area and examined infants 
with clubfeet according to the Pirani scoring system. The results were compared to the 
treating physiotherapist’ score and when an inconsistency was found the examination 
was performed again by the two examiners and the specific dissimilarity discussed. 
There were two areas of difficulty at the start; one was determining whether the
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navicular was reduced over the talar head and the second was determining the lateral 
and medial borders of the foot. The first difficulty was resolved with experience and 
there were no disagreements once the principal was established. The second difficulty 
was due to a need for a more detailed description in the protocol regarding the way 
the foot is held during this evaluation. The score was different when the foot was held 
in the best corrected position by holding the foot from the toes, or in the natural 
position. The physiotherapists in four out of the five hospitals were holding the foot 
by the toes and in one hospital they examined the foot in its natural position. The two 
examiners attended a Ponseti instruction course in Dublin, conducted by Miss N. 
Davis. One of the sessions included a specific explanation and guidance regarding the 
use of the Pirani severity score. The recognized way of assessing the lateral and 
medial border of the foot was in the best corrected position of the foot when the foot 
is being held from the big toe. By the end of the learning period both examiners were 
confident with the score.
Repeatability of static measures in infants was not found in the literature and a study 
was designed and conducted in order to determine them (chapter six).
In this chapter the methods and design of the NMES study have been specified and 
explained including the rationale behind their selection. The next chapter focuses on 
establishing the repeatability of the static measures in order to be able to use them as 
outcome measures.
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Chapter Six- Repeatability Study
In this chapter a repeatability study was conducted for the measures following: ADKF, 
ADKE, APKF, APKE, CC, FL and FW. For comparison and analysis purposes, a 
repeatability study for the same measures for normal infants aged under one year old 
was also performed.
6.1 Repeatability study subjects
Group A was composed of twenty six feet from fifteen normally developed infants.
All infants were males; aged two to ten months (mean 6.45, SD 2.64). Group B was 
composed of fourteen feet from nine male infants with unilateral or bilateral clubfoot 
aged two to eight months (mean 4.85, SD 2.20).
Four infants had unilateral clubfoot and their non-disabled feet were included in group 
A and their clubfeet were included in group B. The infants were recruited from local 
nurseries and hospitals.
The study was approved by the Wandsworth local research ethics committee.
All parents gave written consent prior to their child’s participation in the study.
6.2 Repeatability study setting
The static measures were taken in the infants familiar surroundings either at home, at 
nursery or at the infants’ local hospital at their routine appointment with the treating 
physiotherapist. The infants were either awake or napping but generally relaxed and 
were unconcerned by the examination. Only one infant was agitated and restless and 
as a result the data collected was not included in the analysis.
6.3 Repeatability study procedure
The two examiners assessed the following measures with no particular sequence: 
ADKF, ADKE, APKF and APKE, CC, FL and FW. To minimise any recall on behalf 
of the examiners no fixed pattern was taken for the order of measurements. The 
examiners chose the measurement at random. The procedure for group A and B was 
the same; the infant’s lower body clothing and shoes were removed and they were 
placed supine on the examination table supported by a pillow. The same examiner 
consistently provided both the positioning and the passive ROM for the lower 
extremity during which the goniometer was placed by the second examiner [Fig. 6.3 A
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&B]. For the ROM measurements the goniometer was centered over the lateral 
malleolus, the stationary arm was aligned with the head of fibula and the moveable 
arm parallel to the lateral border of the hindfoot. The angle achieved was measured 
from neutral, and recorded as degrees into either dorsiflexion or plantarfiexion.
The largest point of the calf muscle bulk was identified by eye, with the child’s hip 
and knee flexed to 90® and measured by the second examiner [Fig 6.3 C] using a 
standard tape measure. Foot width and length were taken while the second examiner 
supported the infant in a standing position on a blank sheet of paper and the first 
examiner held the weight bearing foot still and marked the borders choosing the 
widest point at the metatarsophalangeal joint for FW and the longest point for FL [Fig 
6.3 D]. The first examiner then measured the width and length from the paper using a 
tape measure. All measurements followed a written protocol defining positions of the 
extremity and all alignments of the goniometer. This standardised procedure was used 
during each of the seven measurements.
The measurements for both groups were taken twice with the second measurement 
being separated by an interval of one hour or seven days (three infants from group A 
and two infants from group B had one week between measurements, the rest had an 
hour). All measurements were taken by the same two examiners using the same 
universal goniometer and tape measure. Each measurement was taken once each time. 
All infants were healthy during both measurement collections showing no symptoms 
of illness.
The two examiners who conducted the assessments were highly experienced in 
collecting static measures. Examiner one (Author of the PhD) had four years 
experience in orthopaedic surgery and examiner two (Mrs Sally Durham) had twenty 
years experience in paediatric physical therapy and five years experience in a gait 
laboratory collecting static measures as routine. The same 160 mm long, 360° 
goniometer constructed of clear flexible plastic was used to record joint ranges. The 
examiner operating the goniometer was not allowed to look at the previous session 
data before conducting the assessment. Since seven different measurements were 
taken at each session in no particular order and several infants were measured one 
following the other, it is the author’s belief recall on the part of the examiner for a 
specific previous measurement was negligible.
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Fig 6.3 Static measures collection for the repeatability study
(a) ankle plantarflexion knee flexed (APKF) (b) ankle dorsiflexion knee flexed (ADKF) (c) 
calf circumference (CC) (d) foot length (FL)
6.4 Repeatability study data analysis
The software used was SPSS (Statistical Package for the Social Sciences) version 14, 
(SPSS UK Ltd.,Woking, Surrey, United Kingdom). For the statistical analysis advice 
was sought from Dr. Nira Koren-Morag PhD, a biostatistics Lecturer in the Sakler 
school of medicine- Tel Aviv University.
The data were tested for similarity to normal distribution using the Kolmogorov- 
Smimov (K-S) test in both groups. The hypothesis was that the data set is similar to 
the normal distribution; therefore a sufficiently small (0.05) P-value indicates non­
normal data.
Data were then analysed by assessing the correlation between each two measurements 
in both groups using the Pearson Correlation Coefficient (PCC), previously used for 
repeatability studies, which included only two variables [Rothstein et al., 1983, 
Stratford et al., 1984, Bartlett et al., 1985].
The Coefficient of Repeatability (CR) which was adopted by the British Standards 
Institution [BSI (1975)] was also used with the following steps:
1. The data were tested for normality as previously described.
2. Calculating the differences between each consecutive measurement.
3. Performing a dependant sample t test in order to find if there were significant 
differences in the mean of the two measurements (If the mean difference is 
significantly different from zero, the data cannot be used to assess
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repeatability).
4. Calculating the coefficient by squaring all the differences, adding them up, 
dividing by n , and taking the square root, to get the standard deviation of the 
differences. The coefficient of repeatability is twice this amount.
In a study determining the variability of goniometric measurements in children with 
cerebral palsy, 6.8 ° was found to be the maximum error of measurement in ankle 
dorsiflexion measurements when taken by the same assessor [McDowell et al., 2000]. 
In the author’s opinion an error larger than for ankle range would indicate 
unreliability of the measurement and would make it insufficient to be used as an 
outcome measure for interventions or research studies conclusions. No data indicating 
error of measurements in CC or foot width and length were found in the literature. 
However values higher than 5% for CC (six-ten mm in this study) and for foot length 
(flve-six mm for this study) although subjective were in the author’s opinion 
considered unreliable. These criteria were set before the NMES study data were taken.
6.5 Repeatability study results
Both groups were normally distributed according to the K-S test (p> 0.05) in both 
cases. The K-S results are presented in Table 6.1 for the two consecutive 
measurements in the group A and in Table 6.2 for the two consecutive measurements 
in group B. As specified in the tables, n is not always the same for the same group. 
The reason for it is on a few occasions the infants didn’t remain calm for the entire 
measurement collection. Since each measure is separate fi*om the other, in those 
specific cases only the collected data were included in the analysis.
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Table 6.1 One Sample Kolmogorov-Smimov test- Group A
ADKF- Ankle Dorsiflexion Knee Flexed 
ADKE- Ankle Dorsiflexion Knee Extended 
APKF- Ankle Plantarflexion Knee Flexed 
APKE- Ankle Plantarflexion Knee Extended 
CC- Calf Circmference 
FW- Foot Width 
FL- Foot Length 
 ^- in degrees 
 ^- In millimeters
One-Sample Kolmogorov-Smimov test- Group A 
first measurement
ADKF ADKE APKF APKE CC FW FL
N 26 26 21 22 26 26 26
Mean 40.54' 30.65' -42.67' -40.64' 184.422 44.38= 107.50=
Std. Deviation 7.40' 6.31' 8.32' 8.89' 19.50= 5.51= 12.62=
Kolmogorov- 
Smimov Z 0.44 0.99 0.70 0.59 0.85 0.93 0.81
Asymp. Sig. (2- 
tailed) P< 0.05 0.99 028 0.70 0.87 0.46 0.36 0.53
Second measurement
ADKFl ADKEl APKFl APKEl CCI FWl FLl
N 26 26 21 22 26 26 26
Mean 40.92' 30.96' -42.67' -42.09' 185.65= 46.27= 108.15=
Std. Deviation 5.93' 6.97' 9.99' 9.64' 20.74= 5.13= 13.17=
Kolmogorov- 
Smimov Z 0.61 0.87 0.57 0.54 0.82 0.87 0.64
Asymp. Sig. (2- 
tailed) P< 0.05 0.85 0.43 0.90 0.93 0.51 0.43 0.80
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Table 6.2 One Sample Kolmogorov Smirnov test-Group B
ADKF- Ankle Dorsiflexion Knee Flexed 
ADKE- Ankle Dorsiflexion Knee Extended 
APKF- Ankle Plantarflexion Knee Flexed 
APKE- Ankle Plantarflexion Knee Extended 
CC- Calf Circmference 
FW- Foot Width 
FL- Foot Length 
' - in degrees 
= - In millimeters
One-Sample Kolmogorov-Smimov test- Group B 
first measurement
ADKF ADKE APKF APKE CC FW FL
N 14 14 13 14 14 13 13
Mean 31.50' 24.79' -33.46' -30.29' 177.64= 43.46= 91.23=
Std. Deviation 10.69' 10.14' 15.36' 13.30' 18.72= 3.07= 9.88=
Kolmogorov- 
Smimov Z 0.59 1.00 0.65 0.90 0.83 0.63 0.58
Asymp. Sig. (2- 
tailed) P< 0.05 0.87 0.27 0.79 0.34 0.49 0.82 0. 90
Second measurement
MADKFl MADKEl MAPKFl MAPKEl CCI FW l FLl
N 14 14 13 14 14 13 13
Mean 31.57' 25.21' -31.38' -27.43' 177.07= 42.69= 90.92=
Std. Deviation 10.17' 9.89' 9.31' 9.42' 18.75= 3.01= 9.27=
Kolmogorov- 
Smimov Z 0.82 0.95 0.56 0.67 0.69 0.55 0.58
Asymp. Sig. (2- 
tailed) P< 0.05 0.51 0.33 0.90 0.77 0.73 0.93 0.89
The correlation between each two consecutive measurements as calculated using the 
PCC is reported for both groups in Table 6.3.
There was high correlation between all consecutive measurements (p<0.01) in all the
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parameters measured except APKE with the lowest correlation being 0.66 and the 
highest being 1.00 (high correlation being PCC> 0.7).
The paired sample t-iQst results including the mean, standard deviation and the 
confidence interval of the differences for groups A and B are reported in Tables 6.4 
and 6.5 respectively.
In both groups the mean differences between repeated measures were not significantly 
different from zero in ADKF, ADKE, APKF, APKE, CC and FL (p>0.05). A 
significant difference was found in the FW measurements in group A (p=0.02) and 
group B (p=0.01) and consequently it was not possible to use the data to assess 
repeatability for FW.
The CR as calculated according to the above description is reported for groups A and 
B in Table 6.6.
When comparing the results analysed using PCC and CR differences were found. For 
example PCC demonstrated a very high correlation between consecutive 
measurements of APKF in group B (0.84) but with calculated CR of 18°, and in 
ADKF the PCC is higher in group B than in group A (1.00 versus 0.90) while the CR 
is better for group A than B ( 4° versus 5°).
In order to confirm the time between measurements did not manipulate the results the 
infants who were tested with a week between the measurements were excluded and 
there was no significant change in the results.
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Table 6.3 Correlations between each two consecutive measurements in groups A and B
PCC - Pearson correlation coefficient 
ADKF- Ankle Dorsiflexion Knee Flexed 
ADKE- Ankle Dorsiflexion Knee Extended 
APKF- Ankle Plantarflexion Knee Flexed 
APKE- Ankle Plantarflexion Knee Extended 
CC- Calf Circmference 
FW- Foot Width 
FL- Foot Length
Measured
parameter
n for group A PCC group A 
P<0.01
n for group B PCC group B 
P<0.01
ADKF 26 0.90 14 0.98
ADKE 26 0.87 14 0.98
APKF 21 0.75 13 0.84
APKE 22 0.66 14 0.68
CC 26 0.97 14 1.00
FW 26 0.76 13 0.84
FL 26 0.99 13 0.99
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Table 6.4 Paired samples statistics for group A
ADKF- Ankle Dorsiflexion Knee Flexed 
ADKE- Ankle Dorsiflexion Knee Extended 
APKF- Ankle Plantarflexion Knee Flexed 
APKE- Ankle Plantarflexion Knee Extended 
CC- Calf Circmference 
FW- Foot Width 
FL- Foot Length 
' - in degrees 
= - In millimeters
Paired Differences t Sig. (2-
tailed)
P<0.05Mean Std.
Deviation
Std.
Error
Mean
95% Confidence 
Interval of the 
Difference
Lower Upper
Pair 1' 
n=26
ADKF-
ADKFl
-0.31 2.17 0.43 -1.18 0.57 -0.72 0.48
Pair 2' 
n= 26
ADKE-
ADKEl
0.08 3.11 0.61 -1.18 1.33 0.13 0.90
Pair 3' 
n= 21
APKF-
APKFl
0.00 6.61 1.44 -3.01 3.01 0.00 1.00
Pair 4' 
n=22
APKE-
APKEl
1.46 7.69 1.64 -1.95 4.86 0.89 0.39
Pair 5= 
n=26
CC-
CCl
-0.85 2.07 0.41 -1.68 -0.01 2.08 0.48
Pair 6= 
n=26
FW-
FWl
-1.89 3.70 0.73 -3.38 -0.39 2.60 0.02*
Pair 7= 
n= 26
FL-
FLl
-0.65 2.10 0.41 -1.50 0.19 1.59 0.12
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Table 6.5 Paired samples statistics for group B
ADKF- Ankle Dorsiflexion Knee Flexed 
ADKE- Ankle Dorsiflexion Knee Extended 
APKF- Ankle Plantarflexion Knee Flexed 
APKE- Ankle Plantarflexion Knee Extended 
CC- Calf Circmference 
FW- Foot Width 
FL- Foot Length 
' - in degrees 
= - In millimeters
Paired Differences t Sig. (2-
tailed)
P<0.05Mean Std.
Deviation
Std.
Error
Mean
95% Confidence 
Interval of the 
Difference
Lower Upper
Pair 1' 
n= 14
ADKF-
ADKFl
-0.10 2.40 0.64 -1.46 1.31 -0.11 0.91
Pair 2' 
n= 14
ADKE-
ADKEl
-0.43 2.24 0.60 -1.72 0.87 0.72 0.49
Pair 3' 
n= 13
APKF-
APKFl
-2.08 9.08 2.52 -7.56 3.41 0.83 0.43
Pair 4' 
n= 14
APKE-
APKEl
-2.86 9.81 2.62 -8.52 2.80 -1.09 0.30
Pair 5= 
n= 14
CC-
CCl
0.57 1.40 0.37 -0.24 1.38 1.53 0.15
Pair 6= 
n= 13
FW-
FWl
0.77 1.74 0.48 -0.28 1.82 1.59 0.01*
Pair 7= 
n= 13
FL-FLl 0.31 1.70 0.47 -0.72 1.34 0.65 0.53
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Table 6.6 Repeatability coefficient for eaeh measurement in groups A  and B 
Na- not applicable
ADKF- Ankle Dorsiflexion Knee Flexed 
ADKE- Ankle Dorsiflexion Knee Extended 
APKF- Ankle Plantarflexion Knee Flexed 
APKE- Ankle Plantarflexion Knee Extended 
CC- Calf Circmference 
FW- Foot Width 
FL- Foot Length 
' - in degrees 
= - In millimeters
Measured
parameter
n for group A Group A n for group B Group B
ADKF' 26 4 14 5
ADKE' 26 6 14 4
APKF' 21 13 13 18
APKE' 22 16 14 20
CC= 26 4 14 3
FW= 26 NA 13 NA
FL= 26 4 13 3
6.6 Repeatability study discussion and conclusions
The study evaluated the repeatability of measurements taken by the same examiners 
using the same equipment in normally developing infants and infants with clubfoot. 
The CR for ADKF and ADKE corresponded with results firom other reports in both 
children and adults [Ekstrand et al., 1982, McDowell et al., 2000, Boone and Azen, 
Boone e al., 1978], for example 6.8° and 6.7° for ankle dorsiflexion in children with 
CP (McDowell et al., 2000, Watkins et al., 1995], 4.7° for non-disabled adults [Boone 
and Azen, 1979] 4.9° for non disabled children [Watkins et al., 1995]. CR for APKF 
and APKE did not correspond with the 6.1° reported from non-disabled adults [Boone 
and Azen, 1979]. The large values and variations seen in the data, in the author’s 
opinion, calls for caution in any clinical conclusions or decision making.
Much of the unreliability in ankle plantarflexion measurement may be attributed to
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the origin of the movement at the foot and ankle. When moving the infant ankle into 
plantarflexion the movement can originate from mid tarsal joint arch as opposed to the 
talocrural joint especially in infants with clubfoot where the heel could be mal- 
positioned. Therefore the positioning of the goniometer’s movable arm over the 
hindfoot may lead to errors in measurement. In dorsiflexion measurement the 
movement which occurs mainly at the talocrural joint is done while moving the 
hindfoot and so this has less of an effect.
Initially the assumption was the repeatability of joint range would be better in group 
A than in group B; the suspicion was anatomical landmarks in infants with clubfeet 
could be less evident than in normal infants and therefore goniometer positioning 
more challenging. The results only partly supported the suspicion; ADKF, APKF and 
APKE were indeed more reliable in group A than in group B but ADKE was more 
reliable in group B for a reason the author cannot explain.
No previous studies conducting repeatability for CC or FL were found in the literature 
for comparison.
Both regularly reported static measures such as joint range, and new measures like 
foot width and length which are used mainly for descriptive purposes in children with 
clubfoot were chosen for the study. Calf circumference was investigated in order to be 
able to evaluate change in calf muscle mass following treatment.
Many factors have been identified to contribute to the consistency of static 
measurements, including the tester, the type of instrument used, standardisation of the 
measurement technique and the diagnosis of the patient [Watkins et al., 1995,
Stratford et al., 1984]. This study attempted to minimise error by using the same 
testers, measurement technique, equipment and setting and recruiting infants with 
only one specific diagnosis for group B.
Various different methods of analysis have been used to determine goniometric 
reliability with different study designs (Ekstrand et al., 1982, Harris et al., 2000, 
McDowell et al., 2000, Watkins et al., 1991, Boone et al., 1978, Rothstein et al., 1983, 
Watkins et al., 1995, Stratford et al., 1984, Youdas et al., 1993, Low, 1976, Munshi et 
al., 2006]. Having so many different study designs and methods makes it difficult to 
interpret the findings and compare results. Several repeatability studies chose to use 
correlation coefficients, the use of which can be misleading since good correlation 
doesn’t necessarily mean good agreement [Bland, Altman, 1986].
It was interesting to observe how the PCC was in fact a poor indicator of
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measurement reliability even when only dealing with two variables like in this case. 
The PCC measures the strength of linear association between two variables but 
ignores systematic bias [Youdas et al., 1993]; data which seem to be in poor 
agreement can produce quite high correlations [Bland, Altman, 1986] and therefore it 
cannot be interpreted as an indicator of agreement. The CR can give both a 
quantitative value of reliability and an easy method of calculation and comparison 
between studies.
Static measurements of the foot are taken routinely by physiotherapists and 
orthopaedic surgeons. Planning a treatment strategy, including decision making 
regarding the need for surgery and measuring outcome, calls for reliable and 
reproducible data. This study confirms the fact repeatability of measures cannot be 
assumed and repeatability differs for different measures and different subject groups. 
However, results suggest ankle dorsiflexion, CC, and FL measurements collected by 
the same assessors are reliable in the groups evaluated and therefore appear valuable 
to be used in clinical practice.
These findings, in addition to their need for this clubfoot study, have important 
clinical implications for paediatric therapists and orthopaedic surgeons who evaluate 
and treat infants in general and infants with clubfoot in particular.
This chapter determined the repeatability of the static measures chosen as outcome 
measures for the NMES study. The NMES study design was altered according to the 
findings by removing the FW measurements fi*om the protocol and knowing the 
limitations of the ankle plantarflexion data. The next chapter presents the results of 
the NMES and discusses each finding.
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Chapter Seven- NMES study results
This chapter begins by presenting the NMES results; first observing the change in the 
outcome measures over time for each group, then viewing the difference between the 
study and the control groups and finally examining two specific cases , particularly 
interesting to the study’s perspective. The last part of the chapter presents the 
responses from the questionnaire, the diary cards and the additional findings in order 
to present the subjective aspect of the study.
7.1 The study and control groups
Thirteen infants were recruited during a period of one year. Ten male, and three 
female, age range 1.8- 6 months old at the beginning of the study. Eight were in the 
study group and five in the control group. From the study group four infants had a 
bilateral clubfoot and the un-stimulated foot was used as a control. From the control 
group three infants had bilateral condition and both feet could be used separately as 
controls. Of the thirteen infants recruited onto the study twelve finished it. There 
were still eight feet in each group as intended since the pair matching was done 
according to severity and so the data obtained from three feet was eventually not 
needed. The median age at the beginning of the study was 2.7 months for the study 
group, age range: 2.2- 6 months and 2.1 for the control group age range: 1.8-6 
months. The median Pirani score at presentation was 5.5 for the study group and 5.0 
for the control group. Since the pirani score is of an interval type, with 0.5 being the 
smallest interval, the median seems less meaningful than the mean. The mean Pirani 
score at presentation was 5.2 for the study group and 5.5 for the control group. The 
mean Pirani score (PS) at the beginning of stimulation (Tl) was 1.7 for the study 
group and 1.3 for the control group. The differences were found to be insignificant 
(p= 0.16 for PS at birth and p= 0.33 for PS at Tl) using the Mann-Whitney test which 
was used as the non parametric alternative to the ^-test (discussed in section 7.2.3). 
The test results are presented in Table 7.1. Initially foot width (FW) measurements 
were included in the measurement protocol but after observing the repeatability study 
results (chapter six) they were excluded. The ankle plantarflexion measurements were 
not excluded prior to the study since a repeatability coefficient of 13 to 20 degrees
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(table 6.6) still has a possibility of assisting in clinical interpretation if the results 
showed a substantial difference , higher than the coefficient.
Table 7.1 Maim-Whitney test for Pirani scores 
*PS- Pirani Score
Tl - first measurement (at the beginning o f A')
Mann-Whitney test
Mann-Whitney value P-value
*PS at birth
19.0 0.16
*PSatTl
23.0 0.33
7.2 The outcome measures
In this section the outcome measures are presented. First the active evertor activity 
data are presented followed by description of the other outcome measures.
7.2.1 Active evertor activity:
Initially seven out of the eight feet had good active evertor activity and one had absent 
in both the study and the control groups. There was no change in the activity after the 
first phase of the study. After the second phase two feet had absent evertor activity in 
the control group which remained in the third phase. The study group had no change 
in the activity in the second phase, but had an improvement in the foot with the absent 
activity from ‘absent’ to ‘flicker’ during the third phase. The summary of the results is 
presented in Table 7.2.
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Table 7.2 Evertor activity for the study and control groups
Tl - first measurement (at the beginning o f A')
T2- second measurement (at the end of A')
T3- third measurement (at the end of B)
T4- forth measurement (at the end of A=)
Evertor activity
Study (n=8) Control (n=8)
Evertor activity 
T l
Good 7 7
‘Flicker’ 0 0
Absent 1 1
Evertor activity 
T2
Good 7 7
‘Flicker’ 0 0
Absent 1 1
Evertor activity 
T3
Good 7 6
‘Flicker’ 0 0
Absent 1 2
Evertor activity 
T4
Good 7 6
‘Flicker’ 1 0
Absent 0 2
7.2.2 Descriptive statistics:
Due to the sample size non- parametric statistical analysis was chosen. Non- 
parametric methods do not rely on the estimation of parameters like the mean and 
standard deviation for central tendency since the mean is affected by outliers whereas 
the median is not. For descriptive purposes and clinical significance the mean and the 
standard deviation values were considered important for representing the data and 
their values are included with the non parametric values in the tables in section 7.2.3. 
When considering the clinical significance of the repeatability study for each outcome 
measures, the CR is compared to the difference between the study and the control 
group values and for this reason the parametric data are needed and not the ranked
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data which are used for the statistical significance. The standard deviation is again 
needed for power analysis even when non parametric statistics is used.
7.2.3 Comparing the study and control groups:
Change over time
In order to determine the change in the outcome measures over the study period for 
the study group and the control groups independently, the Friedman test was chosen. 
The Friedman test first ranks the values in each matched set (row) fi*om low to high. 
Each row is ranked separately. It then sums the ranks in each group (column). If the 
sums are very different, the P value will be small (p<0.05). The test doesn’t 
distinguish when change has occurred, only stating there was a change along this 
time. The rationale behind using this test is to control for experimental variability 
between subjects, thus increasing the power of the test. Since the Friedman test ranks 
the values in each row, it is not affected by sources of variability equally affect all 
values in a row (since factor won't change the ranks within the row).
In order to determine at what point in time a change took place the Wllcoxon test was 
used to compare each measurement to the one before it; altogether three times for 
each measure. Like the ^-test, the Wilcoxon test involves comparisons of differences 
between measurements, so it requires the data are measured at an interval level of 
measurement. However it does not require assumptions about the form of the 
distribution of the measurements.
For the statistical analysis advice was sought firom Dr. Nira Koren-Morag PhD, 
biostatistics lecturer, Sakler school of medicine, Tel Aviv University.
Change between the study and control groups
The previous two statistical tests compared the actual values taken during 
measurements. Another way of presenting the results along with comparing the study 
and the control groups is by comparing the differences between each consecutive 
measurement between the study and the control group. The Mann-Whitney test is an 
alternative to the r-test, when the assumption of normality is not met. This, like other 
non-parametric tests, uses the ranks of the data rather than their raw values to 
calculate the statistic. The differences between each consecutive outcome measure
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were compared between the study and the control group using the Mann-Whitney test.
Every outcome measure is presented below in two tables. The first table includes the 
mean, standard deviation, median, interquartile range and the P-values of the 
Friedman and the Wilcoxon tests. The second table presents the Mann- Whitney test 
results. The graph for each measure is for illustration purposes only. No assumption 
was made regarding the lines which connect the dots.
Since this was a pilot study aiming at finding where the potential for further 
investigation lays, a Bonferroni correction was not needed; hence the results don’t 
attempt to prove the benefit of electrical stimulation but to locate the area for further 
work.
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Fig 7.1 The change o f Ankle dorsiflexion knee flexed (ADKF) over the study period
Table 7.3 ADKF -  the change during the study period
Tl - first measurement (at the beginning of A )^ 
T2- second measurement (at the end of A )^ 
T3- third measurement (at the end of B)
T4- forth measurement (at the end of A )^ 
ADKF- Ankle Dorsiflexion Knee Flexed 
' - in degrees
ADKF
Study group (n=8) Control group (n=8)
Mean’ Sd’ Median' IQR'
P-value
Fridman
P-value
Wilcoxon Mean’ Sd’ Median’ IQR’
P- value 
Fridman
P -value 
Wilcoxon
Tl 21 17 20 32 28 18 30 34
T2 32 15 35 34
0.01
T2/T1
0.02 36 19 38 35
0.10
T2/T1
0.03
T3 34 17 34 18 T3/T20.40 38 17 40 26
T3/T2
0.50
T4 38(17) 16 36 20
T4/T3
0.03
38
(10)
17 40 24 T4/T30.90
106
Table 7.4 ADKF- the change between the study and control groups
2-1- the difference between the second and first measurements
3-2- the difference between the third and second measurements
4-3- the difference between the fourth and third measurements
Study group 
(n=8)
Control group 
(n=8)
M ann-W hitney
value p-value
R ank R ank
ADKF 2-1 9.2 7.8 26.5 0.58
ADKF 3-2 8.7 8.3 30.5 0.88
ADKF 4-3 10.6 6.4 15.0 0.08
For ADFK the difference in the means between the two groups was lower than the CR 
and so this measure was not only statistically but also clinically repeatable.
In the study group:
> There was a significant difference between the sessions according to the 
Friedman test (p=0.01).
> According to the Wilcoxon test the significant difference was between T2 and 
Tl (p=0.02) and between T4 and T3 (p=0.03). There was no significant 
difference between T3 and T2 (p=0.40).
In the control group:
> No significant difference was found between the sessions according to the 
Friedman test (p=0.10).
> According to the Wilcoxon test there was a significant difference between Tl 
and T2 (p=0.03). There was no significant difference between T3 and T2 
(p=0.50) and between T4 and T3 (p=0.90).
There was no significant difference between the study and control group according to 
the Mann-Whitney test.
107
Ankle Dorsiflexion Knee Extended (ADKE)
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Fig 7.2 The change of Ankle dorsiflexion knee extended (ADKE) over the study period
Table 7.5 ADKE- the change during the study period
Tl - first measurement (at the beginning of A )^ 
T2- second measurement (at the end of A*) 
T3- third measurement (at the end of B)
T4- forth measurement (at the end of A )^ 
ADKE- Ankle Dorsiflexion Knee Extended 
' - in degrees
ADKE
Study group (n=8) Control group (n=8)
Mean' Sd' Median' IQR'
P-value
Fridman
P-value
Wilcoxon Mean' Sd' Median' IQR'
P- value 
Fridman
P -value 
Wilcoxon
T l 16 18 17 30 23 19 30 34
T2 25 16 27 19
0.01
T2/T1
0.06 28 18 34 31
0.12
T2/T1
0.13
T3 27 16 30 23 T3/T20.18 30 20 36 30
T3/T2
0.17
T4 32(16) 17 33 26
T4/T3
0.02 32 (9) 21 36 28
T4/T3
0.20
1 0 8
Table 7.6 ADKE- the change between the study and control groups
2-1- the difference between the second and first measurements
3-2- the difference between the third and second measurements
4-3- the difference between the fourth and third measurements
Study group  
(n=8)
Control group  
(n=8)
M ann-W hitney
value p-value
Rank Rank
ADKE2-1 9.4 7.6 25.0 0.51
ADKE3-2 8.5 8.5 32.0 1.00
ADKE 4-3 10.9 6.1 12.5 0.04*
For ADFE the difference in the means between the two groups was lower than the CR 
and so this measure was not only statistically but also clinically repeatable.
In the study group;
>  There was a significant difference between the sessions according to the 
Friedman test (p=0.01).
> According to the Wilcoxon test the significant difference was between T4 and 
T3 (p=0.02). There was no significant difference between T3 and T2 (p=0.18) 
and there was no significant difference between T2 and Tl (p=0.06).
In the control group:
> No significant difference was found between the sessions according to the 
Friedman test (p=0.12).
> No significant difference was found between any of the sessions according to 
the Wilcoxon test.
There was a significant difference between the study and control group according to 
the Mann-Whitney test in the last study period when stimulation was applied.
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Ankle Plantarflexion Knee Flexed (APKF)
APKF
-10
0  -20
.2 -25
1  -30
-35
-40
Session (T1)
-♦—Study 
■m— Control
Fig 7.3 The change of Ankle plantarflexion knee flexed (APKF) over the study period
Table 7.7 APKF- the change during the study period
T l- first measurement (at the beginning of A') 
T2- second measurement (at the end of A') 
T3- third measurement (at the end of B)
T4- forth measurement (at the end of A )^ 
APKF- Ankle Plantarflexion Knee Flexed 
’ - in degrees
APKF
Study group (n=8) Control group (n=8)
Mean' Sd' Median' IQR'
P-value
Fridman
P-value
Wilcoxon Mean' Sd' Median' IQR'
P- value 
Fridman
P -value 
Wilcoxon
T l -32 7 -34 11 -32 10 -33 14
T2 -33 17 -27 25
0.81
T2/T1
1.00 -32 15 -28 8
0.28
T2/T1
0.78
T3 -31 9 -33 18 T3/T20.83 -26 9 -25 15
T3/T2
0.14
T4 -35
(3)
7 -33 8 T4/T30.23
-27
(-5)
7 -27 13 T4/T30.61
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Table 7.8 APKF- the change between the study and control groups
2-1- the difference between the second and first measurements
3-2- the difference between the third and second measurements
4-3- the difference between the fourth and third measurements
Study group 
(n=8)
Control group 
(n=8)
M ann-W hitney
value p-value
Rank Rank
APKF2-1 8.1 8.9 29.0 0.80
APKF 3-2 7.3 9.8 22.0 0.33
APKF 4-3 7.8 9.2 26.5 0.57
For APFK the difference in the means between the two groups was higher than the CR 
and so this measure was not clinically repeatable and the data could not be used for 
analysis.
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Fig 7.4 The change of Ankle plantarflexion knee extended (APKE) over the study period
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Table 7.9 APKF- the change during the study period
Tl - first measurement (at the beginning o f A )^ 
T2- second measurement (at the end of A )^ 
T3- third measurement (at the end of B)
T4- forth measurement (at the end of A )^ 
APKE- Ankle Plantarflexion Knee Extended 
* - in degrees
APKE
Study group (n=8) Control group (n=8)
Mean' Sd' Median' IQR'
P-value
Fridman
P-value
Wilcoxon Mean' Sd' Median' IQR'
P- value 
Fridman
P -value 
Wilcoxon
T l -29 5 -28 10 -30 8 -34 17
T2 -29 10 -25 13
0.72
T2/T1
0.34 -28 17 -20 11
0.13
T2/T1
0.31
T3 -28 7 -25 13
T3/T2
0.55 -25 7 -24 12
T3/T2
0.80
T4 -30(1) 4 -30 7 T4/T30.40
-29
(-1)
7 -29 12 T 4m0.03
Table 7.10 APKF- the change between the study and control groups
2-1- the difference between the second and first measurements
3-2- the difference between the third and second measurements
4-3- the difference between the fourth and third measurements
Study group 
(n=8)
Control group 
(n=8)
M ann-W hitney
value p-value
Rank R ank
ADKE2-1 7.4 9.6 23.0 0.38
ADKE3-2 8.8 8.2 29.5 0.80
ADKE 4-3 9.4 7.6 24.5 0.44
For APFK the difference in the means between the two groups was higher than the CR 
and so this measure was not clinically repeatable and the data could not be used for 
analysis.
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Fig 7.5 The change of Calf Circumference (CC) over the study period 
Table 7.11 CC- the change during the study period
Tl - first measurement (at the beginning of A ‘)
T2- second measurement (at the end of A')
T3- third measurement (at the end of B)
T4- forth measurement (at the end of A )^
CC- Calf Circumference
In millimetres
CC
Study group (n=8) Control group (n=8)
Mean’ Sd’ Median’ IQR’
P-value
Fridman
P-value
Wilcoxon Mean’ Sd’ Median’ IQR’
P- value 
Fridman
P -value 
Wilcoxon
T l 156 21 152 39 155 22 147 40
T2 174 14 168 23
0.01
T2/T1
0.01 168 17 165 22
0.01
T2/T1
0.02
T3 183 14 183 27 T3/T20.02 180 16 178 21
T3/T2
0.01
T4 192(36) 13 194 21
T4/T3
0.02
186
(31)
15 187 18 T4/T30.01
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Table 7.12 CC- the change between the study and control groups
2-1- the difference between the second and first measurements
3-2- the difference between the third and second measurements
4-3- the difference between the fourth and third measurements
Study group  
(n=8)
Control group  
(n=8)
M ann-W hitney
value p-value
R ank R ank
ADKE2-1 10.0 7.0 20.0 0.23
ADKE3-2 7.6 9.4 24.5 0.44
ADKE 4-3 10.3 6.7 17.5 0.13
For CC the difference in the means between the two groups was lower than the CR 
and so this measure was not only statistically but also clinically repeatable.
In the study group:
>  There was a significant difference between the sessions according to the 
Friedman test (p=0.01).
> There was a significant change between all the sessions (p=0.01, p=0.02,
p=0.02).
In the control group:
> There was a significant difference between the times according to the 
Friedman test (p=0.01).
> There was a significant change between all the sessions (p=0.02, p=0.01,
p=0.01).
There was no significant difference between the study and control group according to 
the Mann-Whitney test.
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Fig 7.6 The change of The Pirani Score (PS) over the study period
Table?. 13 The Pirani score- the change during the study period
Tl- first measurement (at the beginning of A^ )
T2- second measurement (at the end of A )^
T3- third measurement (at the end of B)
T4- forth measurement (at the end of A )^
PS- Pirani Score
Pirani
Study group (u=8) Control group (u=8)
Mean Sd Median IQR
P-value
Fridman
P-value
Wilcoxon Mean Sd Median IQR
P- value 
Fridman
P -value 
Wilcoxon
T l 1.7 1.0 1.50 1.4 1.3 0.9 1.0 1.3
T2 0.7 0.4 0.50 1.0 0.01
T2/T1
0.02 0.7 0.9 0.3 1.0 0.03
T2/T1
0.05
T3 0.6 0.5 0.50 0.9
T3/T2
0.31 0.8 1.4 0.3 1.3
T3/T2
0.70
T4 0.4(1.3) 0.4 0.50 0.5
T4/T3
0.05
0.7
(0.6) 1.4 0.0 0.9
T4/T3
0.16
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Table 7.14 The Pirani score- the change between the study and control groups
2-1- the difference between the second and first measurements
3-2- the difference between the third and second measurements
4-3- the difference between the fourth and third measurements
Study group  
(n=8)
C ontrol group 
(n=8)
M ann-W hitney
value p-value
Rank Rank
ADKE2-1 7.3 9.8 22.0 0.33
ADKE3-2 8.1 8.9 28.5 0.72
ADKE 4-3 7.5 9.5 24.0 0.44
In the study group:
> There was a significant difference between the sessions according to the 
Friedman test (p=0.01).
> There was a significant change between sessions T2 and Tl (p=0.02) and 
between T4 and T3 (p=0.05).
In the control group:
> There was a significant difference between the times according to the 
Friedman test (p=0.03).
> There was a significant change only between T2 and Tl (p=0.47).
There was no significant difference between the study and control group according to 
the Mann-Whitney test.
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7.3 Descriptive comparison of matched pairs
In addition to the above statistical analysis two specific pairs are particularly 
interesting; the first is of two infants who didn’t comply with the foot abduction brace 
(by chance one was in the study and one in the control group) and the second is of an 
infant with poor initial active evertor activity. Both cases are examined here and their 
results expressed and discussed in chapter 8.
7.3.1 Patients who were not compliant with the foot abduction brace
Both infants had a unilateral deformity was corrected according to the Ponseti 
method with serial manipulation and casting. The original Pirani severity score at birth 
was 5.5 for the left foot (in the control group) and 5.0 for the right foot (in the study 
group). The parents of both infants did not comply with the foot abduction brace 
against the treating physiotherapists’ recommendation. Both parents reported their 
infant’s foot slipping out of the boot, major discomfort expressed as constant crying 
without being able to settle down and sleepless nights. The data are presented in table 
7.15.
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Table 7.15 The non compliant feet with and without stimulation
ADKF- Ankle Dorsiflexion Knee Flexed 
ADKE- Ankle Dorsiflexion Knee Extended 
APKF- Ankle Plantarflexion Knee Flexed 
APKE- Ankle Plantarflexion Knee Extended 
CC- Calf Circumference 
PS- Pirani Score
2-1- the difference between the second and first measurements
3-2- the difference between the third and second measurements
4-3- the difference between the fourth and third measurements
Left (no stimulation) Right (stimulation)
ADKF- initial 10 2
ADKF 2-1 -5 4
ADKF 3-2 0 3
ADKF 4-3 0 5
Sum 5 12
ADKE- initial 5 0
ADKE 2-1 -11 4
ADKE 3-2 -4 1
ADKE 4-3 0 2
Sum -15 7
APKF - initial -32 -38
APKF 2-1 -2 7
APKF 3-2 5 -8
APKF 4-3 0 -7
Sum 3 -8
APKE- initial -32 -36
APKE 2-1 -12 -2
APKE 3-2 10 -9
APKE 4-3 0 6
Sum -2 -5
CC - initial 132 130
CC 2-1 6 33
CC 3-2 13 16
CC 4-3 4 10
Sum 23 59
Pirani- initial 2.0 2.0
Pirani 2-1 0.5 -0.5
Pirani 3-2 1.5 0
Pirani 4-3 0 -0.5
Sum +2.0 -1.0
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Evertor activity: Evertor activity was good on both feet at presentation. Evertor 
activity remained good on the right foot throughout the study. The left foot developed 
poor evertor activity after the second phase. The loss of evertor activity seems to be 
related to the recurrence of the deformity, twelve weeks after satisfactory correction 
was achieved. The loss of activity seems to be mechanical rather than neuromuscular 
in nature.
ADKF: The ADKF of the left foot decreased in the first phase and remained 
unchanged in the second and third phases. The right foot (stimulation) showed an 
increase in all phases. Overall there was a decrease in 5° on the left foot and an 
increase of 12° on the right. The difference was higher than the Coefficient of 
Repeatability (CR) for ADKF, which is 5 °.
ADKE: ADKE decreased in all three phase on the left foot and increased in all three 
phases on the right. The overall change was a decrease of 15° on the left and an 
increase of 7° on the right. The difference was higher than the Coefficient of 
Repeatability (CR) for ADKE, which is 4°.
APKF: On the left APKF decreased in the first phase, increased in the second and 
remained unchanged in the third. On the right the APKF increased in the first phase, 
decreased in the second and third phases. On the whole there was an increase in 
APKF of 3° on the left and a decrease of 8° on the right° (please note plantarflexion is 
negative). The difference was lower than the Coefficient of Repeatability (CR) for 
APKF, which is 18° and as discussed in chapter six this data are not repeatable and 
cannot be used for interpretation.
APKE: On the left APKE has decreased in the first phase, increased in the second 
remained unchanged in the third, on the whole a decrease of 2°. On the right the 
APKE has decreased in the first and second phases and increased in the third phase, 
on the whole a decrease of 5°. (Please note plantarflexion is negative). The difference 
was lower than the Coefficient of Repeatability (CR) for APKF, which is 20° and so 
the data cannot be used for interpretation.
CC: The initial CC was different by only two mm between the two feet. CC has 
increased in all the study phases on both feet as expected due to physiological growth. 
On the whole the change on the left was 23 mm and on the right 59 mm. The 
difference was higher than the Coefficient of Repeatability (CR) for CC, which is 3 
mm.
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The Pirani score: The Pirani score has increased on the left in the first and second 
phases and remained unchanged in the third. On the right the score decreased in the 
first and third phase and was unchanged in the second. (Please note a negative change 
in the Pirani score is a positive response).
7.3.2 A case of poor evertor activity
This infant had a bilateral deformity was corrected according to the Ponseti method 
with serial manipulation and casting. The original Pirani severity score at birth was 
6.0 bilaterally. The right foot was assigned to the study group and the left foot to the 
control group. The data are presented in table 7.16.
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Table 7.16 Poor evertor activity with and without stimulation
ADKF- Ankle Dorsiflexion Knee Flexed 
ADKE- Ankle Dorsiflexion Knee Extended 
APKF- Ankle Plantarflexion Knee Flexed 
APKE- Ankle Plantarflexion Knee Extended 
CC- Calf Circumference 
PS- Pirani Score
2-1- the difference between the second and first measurements
3-2- the difference between the third and second measurements
4-3- the difference between the fourth and third measurements
Left (no stimulation) Right (stimulation)
ADKF- initial 0 0
ADKF 2-1 12 17
ADKF3-2 13 13
ADKF 4-3 0 2
Sum 25 32
ADKE- initial -10 -10
ADKE 2-1 17 22
ADKE 3-2 5 8
ADKE 4-3 2 5
Sum 25 35
APKF - initial -34 -30
APKF 2-1 -8 -4
APKF 3-2 4 14
APKF 4-3 -10 -5
Sum -14 5
APKE- initial -39 -25
APKE 2-1 -7 -1
APKE 3-2 -5 9
APKE 4-3 3 -3
Sum -9 5
CC - initial 186 185
CC 2-1 -2 4
CC 3-2 10 7
CC 4-3 1 4
Sum 9 15
Pirani- initial 3.0 3.5
Pirani 2-1 -1.5 -2.5
Pirani 3-2 0 0
Pirani 4-3 -0.5 -0.5
Sum -2.0 -3.5
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Evertor activity: Active evertion activity was absent bilaterally on presentation. There 
was a “fliker” of evertion when electrical stimulation was applied for the first time. 
After the first and second phases there was still no spontaneous activity but on the last 
phase there was a “fliker” of evertion when the right foot was manually stimulated 
with a better eversion during electrical stimulation. Evertor activity was still absent on 
the left foot at the end of the study.
ADKF: ADKF was the same for both feet at the beginning of the study. The ADKF in 
the left foot increased in the first and second phases, and remained the same in the 
third phase. The right foot showed an increase in all phases. The overall increase was 
25° on the left and 32° on the right. The difference was higher than the Coefficient of 
Repeatability (CR) for ADKF, which is 5°
ADKE: The ADKE increased in both feet in all three phases. The overall change was 
25 ° on the left and 35 ° on the right. The difference was higher than the Coefficient of 
Repeatability (CR) for ADKE, which is 4°
APKF: APKF decreased in the first and third phases and increased in the second 
phase for both feet. On the whole there was a decrease in of 14° on the left and an 
increase of 5° on the right. (Please note plantarflexion is negative). The difference 
was higher than the Coefficient of Repeatability (CR) for APKF, which is 18°.
APKE: On the left APKE decreased in the first and second phases and increased in 
the third phase, on the whole a decrease of 9°. On the right the APKE decreased in the 
first and third phases and increased in the second phase. On the whole there was an 
increase of 5°. The difference was lower than the Coefficient of Repeatability (CR) for 
APKE, which is 20° and so the data cannot be used for interpretation.
CC: CC increased in all the study phases on both feet. On the whole the change on the 
left was 9 mm and on the right 15 mm. The difference was higher than the Coefficient 
of Repeatability (CR) for CC, which is 3 mm.
The Pirani score: The Pirani score was reduced on the left on the first and third phases 
and remained the same on the second phase. On the right the score was reduced on the 
first and third phases and remained the same on the second phase. The change on the 
first phase was 1.5 on the left and 3.5 on the right. (Please note a negative change in 
the Pirani score is a positive response).
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7.4 NMES acceptance and compliance
The infants and families’ perspective were assessed using questionnaires, compliance 
diary cards and informal conversations during the scheduled sessions. The perspective 
regarding electrical stimulation for infants was important both when evaluating the 
results of this study and for designing future studies for this age group. The subjective 
perspectives were very positive and hence the compliance rates presented below.
7.4.1 Qualitative analysis of the questionnaire
A summary of the responses to the questionnaire is given below:
> None of the eight parents felt there was any negative effect of the stimulation.
> All eight parents stated the stimulator was easy to operate (ten on a scale of 
one-ten).
> Six out of the eight parents didn’t have to contact the team due to technical 
difficulties. Two parents had a problem positioning the electrodes and the 
problem was solved after a visit to the treating physiotherapist and didn’t 
recur.
> None of the parents felt their child was unhappy with the stimulation. On a 
scale from one to ten (one being very unhappy and ten being very happy) six 
parents stated their child was very happy (ten) and two parents felt they were 
neither happy nor unhappy (five and seven on the scale).
> All parents stated they would have liked their child to continue with 
stimulation after the study was over.
> One parent felt the stimulation had an additional positive effect on their child’s 
outcome and seven stated they hadn’t noticed any effect caused by stimulation. 
The seven parents didn’t notice any additional effect were parents were 
compliant with the foot abduction brace and isolating the cause of the positive 
outcome was problematic.
Overall the subjective response from the parents was very consistent and almost 
homogeneous; there was no apparent negative effect or side effect and parents’ 
appreciation of the actual isolated effect was not possible in the current setting.
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7.4.2 Analysis of the diary cards
The stimulation diaries:
All the parents of the infants in the study groups completed the diary cards and 
returned them at the end of each intervention phase. According to the diary cards all 
parents were compliant with the stimulation protocol i.e. fifteen minutes, twice a day, 
and seven days a week for six weeks during both stimulation phases. Stimulation was 
applied on regular times each day, normally before bath times, when the foot 
abduction brace was removed. Two families had trouble finding the electrode position 
during on one occasion during the first stimulation phase. This problem occurred on 
day five for one family, and day eleven for the second .After solving the problem 
stimulation was resumed. The first case missed one session of simulation and the 
second missed two sessions (one day). One infant had a very dry skin and needed an 
extra pair of electrodes to be sent firom the gait laboratory; he missed one morning 
session, but received two sessions closer together day.
The foot abduction brace diaries:
All parents completed the diary cards and brought them back at the end of each phase. 
The results obtained from the diaries show a pattern of “all or nothing”; either full 
compliance with the brace exactly according to the guidelines or not using it at all.
Out of thirteen children recruited onto the study, eleven were compliant with the foot 
abduction brace during all three phases (85%), and two were not compliant at all 
(15%); one in each group.
7.4.3 Additional findings:
An unexpected finding was the lack of uncomfortable sensation to the infants while 
being stimulated, which seemed to contribute a great deal to the 100% compliance 
rate obtained in the study.
Originally, when putting the details of the study together, one of the concerns was 
whether the sensory response would cause a problem with compliance as there was no 
previous evidence to draw upon. As introduced in section 5.4.3, stimulation both in 
adults and children normally causes a “pins and needles” sensation and sometimes 
discomfort. If stimulation is painful the amplitude is reduced and sometime effective 
muscle contraction cannot be achieved. Unlike in older children and certainly in 
adults where the procedure can be explained and cooperation is expected, an
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uncomfortable stimulation in infants causes both a practical and an ethical concern 
can affect the outcome.
In this study the infants didn’t seem to be bothered by the stimulation whatsoever; the 
infants were indifferent to it, a few parents reported their infants falling asleep during 
sessions. One incident of uneasy behaviour was reported during the second 
stimulation period of one infant and the cause was found to be incorrect electrode 
positioning thus the need for increased amplitude to achieve muscle contraction. No 
other negative feedback was reported.
This chapter reviewed the objective and the subjective, the qualitative and the 
quantitative results of the NMES study. The next chapter discusses their clinical 
importance and significance.
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Chapter Eight- Discussion
8.1 The outcome measures
8.1.1 ADKF and ADKE
The differences between the mean of the two groups was higher than the CR and so 
the data were clinically significant and were able to be included.
The study group demonstrated a significant difference in ADKF over the study period 
as opposed to the control group didn’t. The significant difference in the study group 
took place only during the two phases when stimulation was applied. The control 
group didn’t show a similar difference of ADKF over the study period but a 
significant difference was found in the first phase of the study which in the author’s 
opinion correlates with an anticipated increase in ankle dorsiflexion due to the foot 
abduction brace was introduced at that time. The foot abduction brace holds the foot 
in dorsiflexion and external rotation of the foot. The Mann-Whitney test didn’t find a 
significant difference between the study and control group.
The study group showed a change in ADKE over the study period as opposed to the 
control group didn’t. The significant changes in the study group took place mainly 
during the last phase. The control group didn’t show a significant change of ADKE 
over the study period nor did it show a difference in any of the phases in particular. 
The Wilcoxon test was used to compare each measurement to its former associated the 
changes found in the Friedman test to in ADKF and ADKE only to the study phases 
when stimulation was applied.
There was also a significant difference between the study and control groups 
according to the Mann-Whitney test in the last study period when stimulation was 
applied was not found in the control group.
Kuo et al., 2001 explained the increase in ankle dorsiflexion after anterior tibial 
tendon transfer surgery to relapsing clubfeet, to be due to a better alignment of the 
ankle joint and the hindfoot places the ankle joint in a more efficient position for 
range of motion. There are many similarities in the rationale behind anterior tibial 
tendon transfer surgery and electrical stimulation of the peronei muscles; both
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methods attempt to address the muscle imbalance around the ankle joint is considered 
to be the deforming factor after primary correction of the deformity. The increase in 
ADKF and ADKE in the study group is hence an expected finding according to the 
study hypothesis.
8.1.2 APKF and APKE
Since the difference in the mean and the standard deviation of APKF and APKE of the 
study and control groups were less than the Coefficient of Repeatability calculated for 
those measurements (Table 6.6), the data cannot be included in the clinical discussion 
and conclusions for this study.
8.1.3 CC
The difference between the mean of the two groups was higher than the CR and the 
data were therefore clinically significant.
A change through time in calf circumference was expected in both groups due to 
normal body growth. For this particular outcome measure the Friedman and the 
Wilcoxon tests were less suitable since growth is expected and both tests will have 
showed a significant change through time. The Friedman test does not compare the 
study and the control group but can only state a significant change through time. The 
Mann- Whitney is more appropriate in this case; it compares the difference between 
the sessions while comparing the study and the control groups.
No significant difference was found using the Mann-Whitney test between he study 
and control group.
Calf circumference muscle proportion increases from infancy to adulthood. A non 
significant difference was found between the study and control group.
Achieving enough increase in muscle volume in order to reach a statistical significant 
level in an infant calf circumference is challenging especially when the muscles being 
stimulated are the peroneal muscles and imaging methods like ultrasound or MRI are 
possibly better for that purpose.
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8.1.4 The Pirani score
Both groups showed a significant decline in the Pirani score over the study period.
The control group showed no significant difference, because the values were very 
small and there was little room for improvement. The study group showed a 
significant improvement only in the two periods when stimulation was applied. Since 
the compliance with the foot abduction brace was 85% in this study and the number of 
participants was small, it was not possible to show a statistically significant difference 
between the study and control groups in terms of the Pirani score. The differences in 
the Pirani scores were presented in the two case reports discussed below.
8.2 Discussing two specific case reports
8.2.1 The case of poor compliance
Several studies have reported how crucial the compliance with the foot abduction 
brace is for treatment success [Lehman et al., 2003, Colburn et al., 2003, Changulani 
et al., 2006, Haft et al., 2007]. Although the compliance reported was variable it 
would have been unethical to design a study randomly assigns a group of infants to a 
treatment doesn’t include the foot abduction brace. Coincidentally it has been made 
possible to compare two clubfeet not compliant with the foot abduction brace. The 
results presented are notable; the clubfoot didn’t receive stimulation has relapsed. This 
foot presented an increase in the Pirani score, an extensive decrease in ankle 
dorsiflexion and calf wasting in comparison to the non-stimulated calf. In contrast the 
foot received stimulation expressed an improvement in the Pirani score after both 
stimulation phases along with a continuous increase in dorsiflexion and a substantial 
increase in calf circumference. Evertor activity remained “good” in the stimulated 
foot and was “absent” after the second phase in the non-stimulated foot probably due 
to a mechanical obstruction.
Obviously one cannot draw conclusions from one example and the fact there was a 
relapse is expected, since 50% of cases treated relapse without compliance with the 
foot abduction brace [Morcuende et al., 1994, Lehman et al., 2003] but none the less, 
it is an interesting example invites further investigation.
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8.2.2 The case of poor evertor activity
Poor muscle balance around the ankle joint and weak peroneal muscles in particular 
are discussed frequently when examining both the aetiology [Feldbrin et al., 1995, 
Macicol et al., 2000] and treatment options [Singer et al., 1958, Farsetti et al., 2006, 
Kuo et al., 2001] especially in relapses and dynamic forefoot supination at walking 
age. In the example presented here both feet (from to the same infant) had inescapably 
similar compliance with the foot abduction brace. In this example stimulation seemed 
to had a major effect on the outcome of treatment in terms of the severity of the 
deformity, the ankle dorsiflexion and calf circumference. The other effect noticed was 
the improvement in active evertion (following manual stimulation) and passive 
eversion, when electrically stimulated. An improvement in muscle strength and 
fiinction following stimulation correlates with previous work [Dubowitz et al., 1988, 
Murray et al., 1989, Carmick, 1993, Carmick, 1995, Bertoti et al., 1997, Beck, 1997, 
Durham et al., 2004]. The effects accompanying improvement correlate with the study 
aims and with active methods of treating clubfoot like the French frinctional method 
[Dimeglio et al., 1996]. There is no report in the literature about the percentage of 
clubfeet with no active evertor activity at presentation. One study evaluated the 
evertor activity at the end of correction according to the Ponseti method [Shack et al., 
2006] and found 16% with no muscle activity. Muscle imbalance and poor evertor 
activity has been discussed and investigated both in studies dealing with the aetiology 
of the deformity [Swart, 1993, Feldbrin et al., 1995, Macicol et al., 2000] and in 
studies dealing with solutions to dynamic forefoot supination along with the current 
solution offered which is anterior tibial tendon transfer [Morcuende et al., 1994, 
Lehman et al., 2003]. Muscle imbalance around the ankle is usually presented at a 
later age when the toddler is walking and forefoot supination is more evident.
Like the first example this one also opens a window to more investigation regarding 
the alternatives to the standard treatment offered to children with clubfoot and 
whether evertor activity has to be evaluated and addressed separately before and 
during clubfoot treatment.
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8.3 The sensory component
The 100% compliance with the foot abduction brace is reported was most likely 
influenced by the fact stimulation didn’t seem to cause any uncomfortable sensation 
and was completely tolerated by the babies and their parents.
Cenrtal and Peripheral nerve pathologies were investigated in clubfoot but pain 
threshold was never a feasible are to investigate. The present study offered a unique 
opportunity to obtain this information.
Ahmed et al., [2004], compared the density of nerve fibres in the synovium in 
clubfoot with synovium of the hip at operations for developmental dysplasia (DDH). 
The study focused on several markers for mature nerve fibres, growth associated 
proteins and sensory neuropeptides. The study showed the number of sensory and 
mature nerve fibres was significantly less in the synovium of the subtalar joint in 
clubfoot compared with the hip joint of children with DDH and fewer new or 
regenerating nerve fibres were seen. In an electrophysiological study on the muscles 
of the leg and foot in idiopathic clubfoot, Feldbrin et al., [1995] demonstrated 
pathological electrophysiological findings in 66% of conservatively treated clubfeet. 
These results were substantiated by Macnicol et al., [2000] where somatosensory 
evoked potential (SSEP) and motor electrophysiological tests were carried out in 
children with clubfoot. The study showed abnormal SSEP or motor 
electrophysiological in 46% of the clubfeet. The study also associated neurological 
abnormality with poor outcome.
These studies help to shed some light on this finding was made known. It is still not 
known whether this sensory response is absent only in clubfeet or in all infants in this 
age group.
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Chapter Nine - Conclusions
The aim of this chapter is to summarise the key conclusions from the study. The first 
part of the chapter presents conclusions from the repeatability study and from the 
NMES study. The last section presents the limitations of the two studies.
9.1 The repeatability of the static measures chosen
In addition to the conclusions from the NMES study I have drawn conclusions from 
the repeatability study helped me with interpretation of the results and with the 
conclusions from the NMES study.
The repeatability study was proven valuable both for the NMES study and for clinical 
evaluation of infants in general. The repeatability study found repeatability of the 
static measures chosen differs for different measures and different subject groups. 
Ankle dorsiflexion knee flexed (ADKF), Ankle dorsiflexion knee extended (ADKE), 
calf circumference (CC) and foot length (FL), collected by the same assessors were 
found to be reliable for this age group (less than one year old), both in normally 
developed feet and in clubfeet. Foot width (FW), Ankle plantarflexion knee flexed 
(APKF) and ankle plantarflexion knee extended (APKE) were found to have poor 
repeatability and the data collected could not be used for any clinical analysis or 
decision making.
9.2 The place of NMES in the treatment strategy of clubfoot
The study hypothesis was “surface NMES is practical to use in infants with clubfeet 
and will improve ROM and CC and reduce relapses”.
The study objectives were:
1. Reviewing the literature on treatment of CTEV.
2. Reviewing the use of electrical stimulation in CTEV and more generally e.g. 
muscle strengthening
3. Develop a protocol and undertake a study to:
> Establish the role of electrical stimulation for infants in terms of 
acceptance and compliance.
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> Establish the potential benefits of electrical stimulation in infants with 
clubfoot in terms of the potential to improve ROM and CC and to 
reduce relapses.
In this study the practicality of using electrical stimulation in infants with clubfoot 
deformity was investigated. NMES could then be considered as a novel treatment 
will complement the Ponseti method. The study hypothesis was validated in terms of 
NMES being practical to use and it will increase ROM but was unsuccessfiil in 
proving the benefit of NMES in terms of short term recurrence rate or improvement in 
CC. The conclusions are brought below.
For the population tested:
> NMES was accepted and tolerated by infants.
> NMES was easy to apply and handle by the parents
>  NMES seems to be safe with no negative or side effects reported in this study
> NMES as an addition to the current treatment following the Ponseti method 
seem to be valuable in terms of improving ROM.
> NMES didn’t seem to have a significant effect in terms of short term 
recurrence rates or CC.
Although the broad diagnosis of the infants in the study was idiopathic CTEV, this 
deformity is a diverse one and no case is exactly similar to another. The place of 
NMES in the treatment of every case of clubfoot remains to be determined but several 
particular cases seem to call for this kind of treatment more than others and these are 
the non compliant feet and the feet with particularly poor evertor muscle activity 
detected from the start.
The timing of electrical stimulation seems to be ideal when the children are very 
young and stiff recurrence hasn’t occurred. Electrical stimulation loses its effect when 
joint stiffiiess doesn’t allow muscle contraction mechanically and therefore could only 
be recommended in the stages when muscle strengthening can be managed; ideally 
immediately after ftill correction of the deformity has been achieved.
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9.3 Limitations of the repeatability study
The repeatability study demonstrated several limitations:
> The fact the examiners were not blinded always puts forwards the possibility 
of remembering results from the previous measurement. Considering the fact 
several measurements were taken one after the other and from several children 
on the same day, remembering data from prior measurement was unlikely and 
considered negligible.
> The time interval between measurements was not the same for all subjects. 
Due to practical reasons a few infants were measured on the same day and a 
few had a week between measurements. After completing the statistical 
analysis the three infants from group A and the two infants from group B had 
a week between measurements were excluded from the analysis and the results 
showed no significant difference.
9.4 Limitations of the NMES study
The NMES study demonstrated several limitations:
> The small sample size didn’t allow for parametric statistical analysis. 
Parametric statistics might have been able to demonstrate patterns better and 
the effect of stimulation might have been able to be proved significantly. Non 
parametric statistics looses information during analysis and it is more difficult 
to show significance. The sample size was chosen as appropriate for a pilot 
study in order to investigate the study aim.
> The daily stimulation period: the study design allowed thirty minutes of 
stimulation a day which is the minimum amount of time was known from the 
literature to produce an effect. Longer stimulation time per day could have 
produced a more considerable peroneal strengthening. Since stimulation was a 
novel treatment for this age group the response was not known and designing a 
study with longer stimulation time per day didn’t seem realistic. The sensation
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concern discussed in chapter five was proven unfounded and the positive 
response and ease of use from the infants and families unexpected.
> Short term follow up: due to the practical limitations the follow up was shorter 
than needed for this condition. As described in section 1.4 clubfoot recurrences 
can sometime take place after five or six years. Obviously this duration is not 
practical for a PhD study and only the short term recurrence rates were 
recorded for this study but a longer follow up would be relevant to obtain in 
future studies. The long term aim behind strengthening of the evertor muscles 
is to be able to reduce overall recurrence rates. It is also not known if a twelve 
weeks stimulation period creates a short or long term effect can be determined 
after years.
>  CC as an outcome measure determine treatment success is challenging in this 
age group in particular. Imaging studies like ultrasound (US) or MRI could 
have provided a better quantitative estimate of muscle volume change and 
ideally could compliment the CC measurements and evertor muscle qualitative 
measurements. These imaging modalities are more complicated both in terms 
of accessibility and funding and in ethical terms, for example, the need to 
sedate infants in order to obtain a high quality MRI.
> This limitation applies for both the repeatability and the NMES studies; the 
fact the examiners were not blinded always puts forwards the possibility of 
remembering results from the previous measurement. Considering the fact 
several measurements were taken one afl;er the other and from several children 
on the same day remembering data from six weeks prior was unlikely and 
considered negligible.
> Relying on the diary cards to establish compliance: due to the lack of a data 
logger in the stimulator there was no objective way to establish compliance. 
The compliance rates information for the foot abduction brace was also 
collected from the diary cards. The diary cards included specifying the exact 
time stimulation has begun and ended, consequently it was more than an 
automatic tick in a box only. Another indication of use was the wear of the 
electrodes and batteries. There was also a subjective response from a 
compliant parent indicated they were using the stimulator regularly; they were 
confident with setting up the system and placing the electrodes in the right 
place and they knew what to expect concerning their child’s reaction with
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increasing amplitude. Compliance with the foot abduction brace was evident; 
the wearing of the foot abduction brace indicated compliance. There was no 
way of knowing if a parent chose to use the brace an hour less a day, but if it 
was evident if it was substantially reduced. The subjective response and 
reaction were expected and predicted e.g. an infant who was not used to the 
foot abduction brace probably wouldn’t have been able to tolerate it even for a 
short time during the hospital visit.
>  The fact the infants were not all treated in the same hospital and by the same 
physiotherapist: The Ponseti method of treatment is used all over the country 
and the guidelines are very clear and are being followed meticulously by all 
the health professionals are involved with the treatment. All the 
physiotherapists involved in this study were trained in the same course and 
were supervised by two very experienced orthopaedic consultants. 
Nevertheless there are always differences in experience and performance 
between physiotherapists and it is not always possible to know if and how this 
information has affected the data.
>  The questionnaire was not piloted or checked for validity. The questionnaire 
was based on previous questionnaires held at the gait laboratory and was 
conducted in order to get an idea of the parents responses to the stimulation in 
this age group. This questionnaire can and should be improved and validated 
in future studies by for e.g. adding a visual analogue scale (VAS) for 
determination of pain (for the parents) and by adding a few questions to 
provide information on the added benefit of stimulation to the treatment, 
especially in bilateral cases when stimulation is only applied to one leg and the 
added benefit could be compared.
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Chapter Ten - Future work
This chapter discusses future work identified during the study and it is divided into 
two categories: the first is based on the same study rationale and design with 
differences in sample size, stimulation quantity and follow up time. The second offers 
new areas of investigation that are relevant and were recognized during this work.
10.1 Future work based on the same study rationale
Larger sample size:
In order to be able to prove results analysed by parametric tests more children 
need to be recruited to each group for a future study. The exact number needed is 
questionable, it has been suggested that thirty observations will make it easier to 
demonstrate a significant difference between the groups in the outcome measures 
chosen [Wampold and Drew, 1990]. A power analysis was conducted and at the 
moment about 70 children will be required in each group for the study to have 
80% power. A narrower SD (when eliminating the cases with poor compliance 
and poor evertor activity) will allow 35 children in each group for the same power.
Larger sample size with long term follow  up: longer follow up time is needed to 
have a better understanding of the effect of the treatment in terms of overall 
recurrence rates and the need for additional surgeries to treat forefoot supination.
It is not known whether the stimulation effect, if present, will be short or long 
term. It is possible the stimulation can, as well as improving muscle strength, 
facilitate motor learning and change the muscle balance around the ankle joint 
permanently. The follow up should be every six weeks until six months and every 
three months until age five (the point when recurrence becomes rare). It will be 
interesting to find whether the stimulation period offered immediately after 
correction has a long term effect or whether stimulation needs to be applied 
continuously during the whole follow up period as discussed in the next 
suggestion. This future work suggestion could either use the same outcome 
measures as this study or add outcome measures from the gait laboratory since the
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children will reach walking age. For example foot pressure measurements could 
give information on the pressure pattern under the foot. As discussed in section 
2.5.4, studies evaluated foot pressure patterns of children with CTEV observed 
changes in foot pressure patterns between children with good/excellent and 
children with poor/fair outcome of clubfoot treatment. Foot pressure 
measurements provided a valuable assessment of persistent deformities in 
corrected clubfoot.
Larger sample size, longer continuous stimulation period with long term follow- 
up:
As reviewed in the literature review, the deforming forces in CTEV were proven 
to persist even after correction and cause recurrence of the deformity. In order to 
complement the previous future work suggestion, if the effect of stimulation 
doesn’t prove to have long term effect continuous stimulation at least until 
walking age should be investigated. Even if motor learning is achieved it is much 
easier to use the peroneal muscles regularly when walking than before.
Larger sample size, longer continuous stimulation period and additional 
stimulation per day, with long term follow- up:
It is possible additional stimulation time per day could have an improved effect. 
Due to the unpredicted sensory effect NMES produces in infants, only thirty 
minutes a day were chosen for the present study (see chapter five) but after 
observing the lack of sensory response additional stimulation time is the next step 
to investigate. While the foot abduction brace is being used twenty three hours a 
day (during the first three months after correction) it is not possible to add more 
stimulation time since the infants do need some bath time and some “fi*ee kicking” 
time. However when the brace is only used during sleep, stimulation time can be 
increased. An hour a day was reported in a few studies conducted on children with 
CP [Murrey et al., 1989, Hazlewood et al., 1994] and proven successful.
10.2 New areas of investigation
Specific examples Le, weak evertor activity or low compliance:
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Evertor activity should be evaluated in the initial clubfoot examination for both the 
study and a control groups. It needs to be assessed in both groups according to an 
agreed schedule (every six weeks) and compared using parametric statistics. Evertor 
level of activity should be complimented by imaging techniques e.g. US to monitor 
peroneal muscle mass and the advantage of NMES for this group considered. In the 
case of low compliance with the foot abduction brace; although this example calls for 
fiirther investigation it is faced with both an ethical and a practical issue. Designing a 
study recommends one group not to use the foot abduction brace which is a part of 
the main stream treatment and has been proven to be effective would be unethical. 
This should be included as part of one of the previous studies suggested in section 
8.5.1 and the members of the study group (of the non compliant feet) would be 
included based on their reported compliance during the study period. The practical 
issue is non compliant parents might also be non compliant with the stimulation 
although in the two cases the present study observed, the parents were not happy with 
the foot abduction brace, but were happy to use NMES, is feasible and used for a 
short period of time. As reviewed in section 3.1.1, the compliance with the foot 
abduction brace is variable (51- 90%) and not always reported so it is not known how 
many children will need to be recruited onto the study for a sufficient amount of non- 
compliant parents group.
The lack of sensory response:
It would be interesting to find out whether the lack of sensation in response to 
stimulation is related to the clubfoot deformity or is it a normal response for this age 
group due to an immature nervous system. This could be done using NMES for five 
minutes a day to a group of normal infants, ages from birth to two years old, using the 
same stimulation setup and trying to achieve fiill range muscle contraction. The data 
collected will include the sensory response to the stimulation, both by observing the 
infant and by questioning the parents. The study period should include a few visits to 
the gait laboratory or at home to be able to observe a response pattern. The study can 
test children in different ages under two years and also test the same children again 
after several months. Since children over two years old are known to have a sensory 
response to stimulation, it would be interesting to find whether all infants lack 
sensory response and if so, what the point of change is. It is acknowledged it might
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be challenging to recruit normally developed children to a study involves electrical 
stimulation. The infants to be recruited might be siblings of children who have 
participated in similar studies and, whose parents might be more open to volunteering 
for this type of study.
An implantable system:
An implantable system would stimulate the peroneal muscles directly could produce 
full and accurate muscle contraction without any sensory response. There is little wear 
of electrodes and no need to mark the exact position. For long term stimulation, like 
suggested previously, this option seems very appealing. The negative aspect of the use 
of this kind of system, especially in young children is it requires general anaesthesia 
for electrode placement and probably another one in order to remove the electrodes or 
to reinsert them in case of a mechanical problem. It might be possible to combine the 
Achilles tenotomy (if done under general anaesthesia) surgery and the placement of 
the electrodes. In light of the sensory findings this study has come across, it now 
seems the benefits of the implantable system are less important than considered 
earlier and the lack of sensory response needs to be investigated further before an 
implantable system is suggested. An example of an implantable device is the Bion 
system [Alfred E. Mann Institute, University of Southern California, Los Angeles, 
California].
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Appendices
Appendix A: The Pirani score protocol
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Protocol for the Pirani measurements
♦ One examiner seated
♦ Child held by parent/guardian
♦ The child is preferably after a feed
♦ Clothing must not cover the feet and ankle area
♦ Data to be recorded on CTEV measurement form
♦ 6 measurement per foot (PC,EH,RE,CLB,MC,LHT)
♦ 3 scores per foot (HFC, MFC, TS)
Measurements
♦ General Principle of scoring: Each of the six clinical signs is scored as either 
0 (normal), 0.5 (mild abnormality) or 1 (severe abnormality).
The signs
1. Curvature of lateral border of foot (CLB)
â
Look at the plantar surface of the foot and gauge the curvature of the lateral border. 
Normally the lateral border of the foot is straight from the heel to the head of the 5* 
metatarsal. A straight edge placed along the lateral border of the hindfoot may assist in
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the estimation of the curvature. A straight lateral border of the foot is given a score of 
0.
In the abnormal foot the lateral border of the forefoot moves away from the straight 
edge. A mildly curved lateral border is scored 0.5 (the curvature appears to be in the 
distal part of the foot in the area of the metatarsals).
A pronounced curvature of the lateral border is given a score of 1. (The curvature 
appears to be at the level of the calcaneocuboid joint.)
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2. Medial crease of the foot (MC)
Hold the foot gently corrected when examining.
Look at the medial arch of the foot. Normally one sees multiple fine creases do not 
change the contour of the arch and the MC sign is scored 0.
%
a
0.5
In the abnormal foot there are one or two deep creases. If these deep creases do not 
appreciably change the contour of the arch, the Medial Crease sign is scored as a 0.5.
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If these deep creases appreciably change the contour of the arch, the MC sign is cored 
as a 1.
3. Posterior crease of the ankle (PS)
Hold the foot gently corrected when examining
Look at the back of the heel with the foot in the corrected position. Normally one sees
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multiple fine creases do not change the contour of the heel. They allow the skin to 
adjust and stretch as the ankle dorsifiexes. In this case, the Posterior Crease sign is 
scored as 0.
In the abnormal foot there are one or two deep creases. If these deep creases do not 
appreciably change the contour of the heel, the Posterior Crease sign is scored as 0.5.
If these deep creases appreciably change the contour of the heel, the Posterior Crease 
sign is scored as 1.
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4. Lateral part of head of talus (LHT)
Hold the foot deformed and palpate the lateral part of the head of the talus, with the 
pulp of the thumb. Abduct the foot with the other hand and note if the navicular 
reduces onto the head of the talus.
The LHT sign is scored 0 if there is complete reduction of the navicular onto the head 
of the talus as indicated by loss of the ability to palpate the lateral edge of the head of 
the talus. The LHT sign is scored 0.5 if there is partial reduction of the navicular onto 
the head of the talus as indicated by reduction of the ability to palpate the lateral edge 
of the head of the talus. The LHT sign is scored 1 if there is fixed medial subluxation 
of the navicular as characterised by an easily palpable talar head.
5. Emptiness of the heel (EH)
The examining finger is placed on the comer of the heel. The foot is gently 
dorsifiexed at the ankle, gentle pressure is applied with the finger.
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Normally the tuberosity of the calcaneus is immediately palpable and the empty heel 
sign is scored 0.
The empty heel sign is scored 0.5 when the heel pad feels somewhat empty to the 
examining digit. The tuberosity however, remains palpable deep within the heel pad. 
The empty heel sign is scored 1 when the heel pad feels empty to the examining digit. 
No bony prominences can be appreciated within the heel pad.
6. Rigidity of equinus(R£)
The knee should be extended, and the foot dorsifiexed as much as possible without 
hurting the infant.
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The RE sign is scored 0 when the ankle dorsifiexes fully (20 degrees or more above 
neutral)
The RE sign is scored 0.5 when the ankle dorsifiexion is present to or beyond neutral 
but not full (sufficient to allow the foot to make an angle of up to 90 degrees with 
respect to the long axis of the leg).
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The RE sign is scored 1 when the ankle dorsifiexion is severely limited (below 
neutral).
Assessment:
The congenital clubfoot undergoing treatment is assessed at each visit and assigned:
A Total Score (TS) of up to 6 (0 = normal, 6 = severe deformity).
- A Midfoot Score (MES) of up to 3 (0 = normal, 3 = severe deformity).
- A Hindfoot Score (HFS) of up to 3 (0 = normal, 3 = severe deformity).
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Appendix B: Ethical application pack.
> Parents information sheet
> Consent form
> NMES diary card
> Foot abduction brace diary card
>  Questionnaire
> Ethics committee response
162
Wandsworth
Teaching Primary Care Trust
Gait Laboratory 
Douglas Bader Rehabilitation Centre 
Queen Mary’s Hospital 
London SW15 5PN
Tel: 020 8487 6101 
email: v.gelfer@surrev.ac.uk
Parents information sheet
The effect o f Neuromuscular Electrical Stimulation (NMES) on children 
with clubfoot following treatment with the Ponseti method.
You and your child are being invited to take part in a research study being conducted 
by St George’s Hospital, Queen Mary’s Hospital and the University of Surrey. Before 
you decide it is important for you to understand why the research is being done and 
what it will involve. Please take time to read the following information carefully and 
if you wish, discuss it with friends, relatives and your GP. Ask us if there is anything 
is not clear or if you would like more information. Take time to decide whether or not 
you wish to take part. Thank you for reading this.
What is the purpose of the study?
Following the treatment for Congenital Talipes Equinovarus (CTEV) with serial 
casting (according to the Ponseti method) and surgical release of the Achilles tendon, 
one major factor might contribute to recurrence of the pathology or functional failure 
of treatment. This factor is the disuse waste of the muscles around the ankle joint.
At the moment the treatment offered following the casting period is a Foot Abduction 
brace is used frill time for 3 months and at night and during sleep times until the child 
is 3-4 years old. Its purpose is to maintain the position achieved using the 
manipulations and serial casting. The published results of the treatment using the 
Ponseti and bracing treatment report smaller calf circumference on the affected side 
with a shorter and narrower foot. The voluntary and assisted range of motion is also
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less than in the normal foot.
An alternative to the brace could be the use of electrical stimulation of the wasted 
muscles through surface electrodes will cause the muscle to contract and provide a 
more dynamic interaction. The study period for the project will be 18 weeks, divided 
into three phases throughout. In the first and third period stimulation will be applied 
and in the second period stimulation will not be applied. Data will be collected at the 
beginning and end of each 6 week phase, altogether 4 times. Data collection will 
include a number of non invasive routine clinical techniques and will take place at the 
Gait Laboratory at Queen Mary's Hospital- Roehampton.
The aim of this 18 week study is to assess the effect of stimulation on CTEV 
following treatment by the Ponseti method and to assess ease of use, acceptability and 
the benefits of this intervention from the family's perspective. This proposed 
technique will not replace the current bracing method but will be added to it.
Why have I been chosen?
Your child would be suitable for inclusion in the trial if you and they wish to be, 
because their foot is at the stage we hope the stimulation may affect. We wish to 
recruit a total of 16 children onto the study.
Do I have to take part?
Taking part is entirely voluntary. It is up to you to decide whether or not to take part. 
If you do decide to take part you will be given this information sheet to keep and be 
asked to sign a consent form. If you decide to take part you are still free to withdraw 
at any time and without giving a reason. This will not affect the standard of care you 
receive.
What will happen to my child if we take part?
Your child’s involvement in the study would be over an 18 week period, involving 4 
visits to the Gait Laboratory at Queen Mary’s Hospital. (A timetable summarising the 
procedures is below).
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Schedule of study procedures for CTEV subjects
Baseline* Ponseti* Start of 
A>
(week 1)
End of 
A^
(week 7 
)
End of B 
(week 
12)
End of
(week
18)
Informed
consent
Static measures y
Provision of 
stimulator
Kinetic, 
kinematic & 
video data 
collection
✓
Questionnaire
Return of 
stimulator
✓
Baseline
This appointment will take place before the beginning of treatment with the Ponseti 
method. Before starting the treatment your Orthopaedic surgeon will explain about the 
study, give you this information sheet and answer any questions you might have 
regarding your child's treatment options. If you decide you want your child to be a 
part of this study you will be asked to sign a consent form. During the first 
appointment we will measure your child's foot width and calf circumference, their 
foot and ankle joint range of movement and evaluate their foot deformity using a well 
accepted evaluation scale.
Ponseti
This period is not an actual part of the study. You will receive full information from 
the treating Orthopaedic surgeon. No measurements will be taken during this period.
Start ofA^ (week 1)
There will be one appointment, in week one. At this appointment we will measure 
your child’s foot width and length, their calf circumference, and take measurements of
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foot and ankle joint range of movement (ROM) and evaluate their foot deformity 
using a well accepted evaluation scale. We will also place a special insole in your 
child’s shoe while standing, which can be used to determine the pressure distribution 
in the foot. If your child is old enough (able to walk independently) we will also 
collect information regarding your child’s standing / walking.
For walking, four types of information will be collected.
Force measurements. The force applied to two plates in the floor is measured as they 
are stood and walked on.
Weight distribution. Pressure monitoring insoles will be placed in the shoes and your 
child will be asked to stand up from sitting, and then walk.
Movement o f joints. Measured by recording the position of small retro-reflective 
markers attached to the skin/clothing by double sided tape.
Video. While the above are taking place, sitting standing and walking will also be 
recorded by two video cameras.
At this appointment the stimulator will be fitted and you will receive all the 
information you need regarding its operation and maintenance.
During the A phase (the stimulation phase) your child will be expected to receive 
stimulation for 15 minutes twice a day with your help.
You will need to place the electrodes in the places marked on your child's leg, turn the 
stimulator on for these time periods and off when the time has passed.
During the treatment phase when the stimulation is applied you will be asked to 
complete a simple diary card recording how long the stimulator was on each day and 
how long was the brace used day if at all.
End ofA^ (week 6)
The same measurements will be repeated at the end of this six-week period.
End of B (week 12)
During the B period your child will not use the stimulator.
Repeat measures will again be taken at the end of this phase.
During this period you will still be asked to complete the diary card for the use of the 
brace.
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End ofA^ (week 18)
In phase again your child will be expected to receive stimulation for 15 minutes 
twice a day with your help with sticking the electrodes in the correct place and turning 
the stimulator on and off.
During this treatment phase when the stimulation is applied you will again be asked to 
complete a simple diary card recording how long the stimulator was used each day 
and how long was the brace used day if at all.
Measurements will then be repeated at the end of this six-week period.
You will need to allow approximately 2hrs per appointment at QMH.
What do I have to do?
During the treatment phase we would like you to ensure your child uses the stimulator 
for the period mentioned.
Throughout the whole period your child should continue as normal with any activities. 
We would like you to complete a very simple diary card recording dates and duration 
of the stimulation and the use of the brace.
What is the procedure or drug is being tested?
We are testing the benefits to general movement, calf circumference and ankle range 
of movement through electrical stimulation following the Ponseti treatment for CTEV. 
The electrical stimulation is applied to strengthen wasted muscles around the ankle 
joint. There is a sensory element associated with electrical stimulation. This may 
cause a minor inconvenience.
What are the alternatives for treatment?
Alternative interventions following the Ponseti treatment include bracing only or no 
intervention at all.
What are the side effects of taking part?
Based on previous studies there is a very small chance of risk with using surface 
stimulation when used according to the guidelines. There have been reports of skin 
reaction to the electrodes when used for very long periods of time, which shouldn’t be 
the case in this trial. If a skin reaction does occur, alternative electrodes can be 
provided. The stimulation may cause discomfort to the child and the stimulation
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parameters will be adjusted according to the child's response. Should the child's 
response suggests the stimulation is still painful, or the child objects the stimulation 
will be stopped.
What are the possible benefits of taking part?
We hope the electrical stimulation following the Ponseti method of treatment will 
offer your child increased muscle balance around the ankle joint, which in turn should 
have a beneficial effect on the overall outcome of the treatment for his/her. condition. 
However this can’t be guaranteed. The information we get fi*om this study may help 
us to improve the treatment offered to future patients with similar problems.
What if new information becomes available?
Sometimes during the course of a research project, new information becomes 
available. If this happens, we will tell you about it and discuss with you whether you 
want to continue in the study. If you decide to withdraw we will advise your GP. If 
you decide to continue with the project you will be asked to sign an updated consent 
form.
Also, on receiving new information we might consider it to be in your best interests to 
withdraw you from the study. We will explain the reasons and advise your GP.
What happens when the research stops?
We currently don’t have the facility to supply the electrical stimulator beyond the 
period of this trial.
What if something goes wrong?
The University of Surrey holds two types of insurance to cover claims arising from it's 
involvement in clinical trials; liability and no-fault. The liability policies cover the 
University against liability claims (ie where the university is at fault). The no-fault 
policy is intended to provide compensation to subjects, regardless of liability, in the 
event of their suffering a significant and enduring injury (including illness or disease) 
which, on the balance of probabilities, is directly attributed to their involvement in the 
trial.
If you are harmed due to negligence fi-om a member of NHS staff, then you may have 
grounds for legal action but you may have to pay for it.
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Regardless of this, if you wish to complain about any aspect of the way you have been 
approached or treated during the course of this study, the normal National Health 
Service and University of Surrey complaints mechanisms may be available to you.
Will my taking part in the study be kept confidential?
We may, with your consent, like to use photographs or video of your child for 
teaching purposes, seminars and publications. There a consent form for you to give 
your permission or not for this.
All other information is collected about your child during the course of the research 
will be kept strictly confidential. Any information about them leaves the hospital will 
have their name and address removed so they cannot be recognised from it.
Your child’s GP will be sent information about this trial and your participation in it 
and will be asked to agree to your child’s participation in the trial.
What will happen to the results of the research study?
Reports on the results of the study will be completed for the funding bodies within 
three months of the end of the trial.
The results of the work will be submitted for publication in a peer review journal, e.g. 
Developmental Medicine and Child Neurology, as well as professional and user group 
magazines and websites e.g. clubfoot.co.uk 
You can get a copy of these fi"om us when they are completed.
Will I receive any reimbursement for my expenses?
You will receive reimbursements of travel costs at standard mileage allowance rate or 
public transport rate up to a maximum of 10 pounds per visit together with parking 
costs as necessary.
Who is organising the research?
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a. Investigators
Miss Karen Daly
Dr Yael Gelfer 
Mrs Sally Durham 
Dr David Ewins
Consultant Orthopaedic Surgeon St. George’s Hospital
Post graduate student
Physiotherapist
Reader
Clinical Scientist
University of Surrey
Queen Mary’s Hospital
University of Surrey 
Queen Mary’s Hospital
b. Funding Body
University of Surrey
Cerebra- for brain injured children and young people
This body is supporting equipment, consumables and travel costs.
Who has reviewed the study?
Wandsworth Local Ethics Committee
Contact for further information
Dr Yael Gelfer 
Gait Laboratory
Douglas Bader Rehabilitation Centre 
Queen Mary’s Hospital 
Roehampton Lane 
SW15 5PN
Tel: 020 8487 6101 mobile: 07979370857
Email: v.gelfer@surrev.ac.uk
Thank you for taking part in the study.
If you require any further information please do not hesitate to contact us.
If you decide to take part in this study you will be given a copy of this information 
sheet and a signed consent form to keep.
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Gait Laboratory
Clinical Biomedical Engineering Centre (CBEC) 
Roehampton Rehabilitation Centre 
Queen Mary’s Hospital 
London SW15 5PN
Tel: 020 8355 2175 
Fax: 020 8355 2952 
email: v.gelfer@surrev.ac.uk
Parent/carer consent form
Title of Project: The effect of Neuromuscular Electrical Stimulation (NMES) 
on children with clubfoot following treatment with the Ponseti method
Name of Researcher: Dr Yael Gelfer 
Name of Child:
Please initial box
1. I confirm I have read and understand the information sheet dated 
for the above study and have had the opportunity to ask questions.
2. I understand my child’s participation is voluntary and Iamfi*eeto 
withdraw them at any time without giving any reason, without their 
present or future medical care or legal rights being affected.
3. I understand sections of any of my child’s medical notes may be 
looked at by responsible individuals from Queen Mary’s Hospital, St 
Georges Hospital and The University of Surrey or from regulatory 
authorities where it is relevant to them taking part in research. I give 
permission for these individuals to have access to their records.
I understand all data recorded including photographs and videos will be 
securely stored for a minimum of 10 years at the end of the study (in accordance
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with research governance guidelines).
5. I understand I have been asked if the photographs taken /videos recorded
of my child can be used for teaching, seminars, conferences and publicity 
purposes.
I do give my permission for this/I do not give my permission for this and want 
the photographs and videos destroyed at the end of the 10 year period.*
*Please delete as appropriate
6. I agree to my child taking part in the above study.
Name of Parent/Carer Date Signature
Researcher Date Signature
Witness name Date Signature
1 copy for patient/volunteer; 1 for researcher; 1 to be kept with medical records
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NMES diary card
The effect o f Neuromuscular Electrical Stimulation (NMES) on children 
with clubfoot following treatment with the Ponseti method.
Please complete the following diary card each day by entering in the exact times stimulation was 
used. The first line has been completed as an example
Week
Beginning
Monday Tuesday Wednesday Thursday Friday Saturday Sunday
06.06.05 8:00-
8:15
17:05-
17:20
8:50-
9:02
18:30-
18:40
9:00-9:15 10:10-
10:25
16:00-
16:15
8:00-
8:15
17:05-
17:20
9:00-9:15
16:00-
16:15
9:00-
9:15
16:00-
16:15
Name of Researcher: Yael Gelfer 
Name of Child:
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Foot abduction brace diary card
The effect o f Neuromuscular Electrical Stimulation (NMES) on children 
with clubfoot following treatment with the Ponseti method.
Please complete the following diary card each day by entering in the exact times the foot 
abduction brace was used. The first line has been completed as an example
Week
Beginning
Monday Tuesday Wednesday Thursday Friday Saturday Sunday
06.06.05 08: 00-
17:00
18: 00-
08:00
07:30-
12:45
13: 00-
18:00
18:30-
07:00
07:30-
14:30
14:45-
18:00
19:00-
07:00
8: 00-
17:30
18:30-
07:00
07:30-
17:30
18:45-
07:30
08:30-
15:00
15: 10-
18:00
19: 00-
07:30
09:30-
10:30
12: 00-
18:00
18:30-
07:00
Name of Researcher: Yael Gelfer 
Name of Child:
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The effect of Neuromuscular Electrical Stimulation (NMES) on 
children with clubfoot following treatment with the Ponseti 
method.
Parent/ carer questionnaire 
Name:
Date of Birth:
Date of Assessment:
This questionnaire was designed to help us to assess the effect of treatment. Please 
ask us if any of the questions are unclear.
1. Is your child walking at the moment?
Yes □  No □
2. What were your hopes or expectations of using electrical stimulation?
3. Have you seen any effects or changes you think are related to or 
caused by the stimulation
Yes □  No □
If yes, please state effects or changes seen
4. Was the stimulation easy to operate?
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□ □ □ □ □ □ □ □ □ □
1 2 3 4 5 6 7 8 9  10
very neither difficult very
difficult or easy easy
If difficult, please state problems experienced;
5. Have you had to contact the team because of technical difficulties? 
Yes □  No □
If yes how many times have you contacted the team?
6. How do you think your child felt about using the stimulator?
(please mark the scale from 0 = very unhappy to 10 = very happy)
□ □ □ □ □ □ □  □ □ □
1 2 3 4 5 6 7 8 9  10
very neither happy very
unhappy or unhappy happy
7. Would you have liked your child to continue to use the stimulation at 
the end of the trial until he/she are walking independently?
Yes □  No □
8. Please make any additional comments: regarding the simulation or the 
trial
Thank you for taking the time to complete this questionnaire
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Ethics committee response
28 September 2005
Dr. David John Ewins 
Consultant Clinical Scientist 
Queen Mary's Hospital 
Roehampton Rehabilitation Centre 
Roehampton Lane 
London 
SW15 5PN
Dear Dr. Ewins
Full title of study: The effect of Neuromuscular Electrical Stimulation
(NMES) on children with clubfoot following treatment with 
the Ponseti method.
REG reference number; 05/Q0803/227
Thank you for your letter of 20 September 2005, responding to the Committee’s request for 
further information on the above research and submitting revised documentation.
The further information has been considered on behalf of the Committee by the Chair and 
the Vice-Chair.
Confirmation of ethical opinion
On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for the 
above research on the basis described in the application form, protocol and supporting 
documentation as revised.
Ethical review of research sites
The favourable opinion applies to the research sites listed on the attached form.
Conditions of approval
The favourable opinion is given provided that you comply with the conditions set out in the 
attached document. You are advised to study the conditions carefully.
Approved documents
The final list of documents reviewed and approved by the Committee is as follows:
Document Version Date
Application 4.1 10 August 2005
Investigator CV 05 August 2005
Protocol 1.2 05 August 2005
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Covering Letter 04 August 2005
Summary/Synopsis 1.2 05 August 2005
Compensation Arrangements 20 August 2004
Questionnaire 1.2 05 August 2005
Sample Diary/Patient Card 1.2 05 August 2005
GP/Consultant Information Sheets 1.2 05 August 2005
Participant Information Sheet 1.2 05 August 2005
Participant Information Sheet 1.3 20 September 
2005
Participant Consent Form 1.2 20 September 
2005
Participant Consent Form 1.2 05 August 2005
Response to Request for Further Information 20 September 
2005
Research governance approval
The study should not commence at any NHS site until the local Principal Investigator has 
obtained final research governance approval from the R&D Department for the relevant NHS 
care organisation.
Statement of compliance
The Committee is constituted in accordance with the Governance Arrangements for 
Research Ethics Committees (July 2001) and complies fully with the Standard Operating 
Procedures for Research Ethics Committees in the UK.
05/Q0803/227 Please quote this number on all correspondence
With the Committee's best wishes for the success of this project 
Yours sincerely
Canon Ian Ainsworth-Smith 
Chair
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Appendix C: The Microstim MS2V2 instruction sheet and manual
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Wandsworth
Primary Care Trust
Gait Laboratory 
Douglas Bader Rehabilitation Centre 
Queen Mary’s Hospital 
London SW15 5PN
Tel: 020 8487 6101 
email: gaitlab@swlondon.nhs.uk
INSTRUCTION SHEET: Setting up the exercise stimulator
1. Ensure the stimulator is turned off
2. Electrodes -
Apply the electrodes to clean skin. Do not use any creams or lotions under the 
electrodes. (See photograph for electrode positions).
Connect leads, black pin to the top electrode, red pin to the bottom. (See photograph). 
Connect lead to stimulator via channel ‘A’ socket on side of stimulator
3. Test
Ensure central dial on top panel of stimulator is on mode 5 
Turn the stimulator on channel ‘A’ to a low setting
Increase output to a comfortable level where you see an active response from muscles 
(a gentle upward/outward movement of the foot)
It may be necessary to increase the output gradually until you achieve the best 
response.
When the correct level has been achieved, turn the central dial to ‘6’. The stimulation 
will then alternate between channel A and B. As you are using channel A only you will 
see a response from the muscles when A is on, and nothing while channel B is on 
Increase the length of you use the stimulator by a few minutes each day if you feel 
you need to, building the time up to 30 minutes per day.
4. At the end of the session
Turn off the stimulator using the output button.
Disconnect all the leads.
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Peel electrodes off the skin (do not pull off by the wires), and then store back on the 
electrode paper and place inside the plastic envelope.
If the electrodes start to lose their stick, try damping them slightly with water before 
use. Once they lose stickiness or start peeling off the skin discard and use a new set. If 
you need more electrodes than provided, please phone us and we will post them to 
you.
If you notice any skin reaction at the electrode site, discontinue use and contact us on 
the numbers above or Dr Gelfer on 07979370857
If you have any problems, concerns or questions please contact us straight away. 
If necessary stop using the stimulator until you have spoken to us.
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W a r n in g :. ' Output has a physiological effect !
Read instructions and precautions before use.
We recommend that this device is only supplied, by a trained
clinician.
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Controls & Indicators
The stimulus output level .controls are 
the rotary .knobs. T o  switch ON the 
stimulator, rotate either of the level 
controls clockwise from the 1/0’ position 
until a click is heard. The stimulator 
should emit a short bleep and the green 
power indicator vdl! begin flashing and 
continue flashing while the stimulator 
■ remains on. After the initial long beep a 
seq u en ce of quick beeps will signal the 
number of the mode selected. Note that 
mode 0 means there will be zero short 
beepsi Further clockwise rotation, of the 
level controls increases the stimulation 
intensity. To switch OFF the stimulator, 
rotate both level controls fully anti­
clockwise until a click is heard and the 
power indicator is extinguished.
The presence of a stimulation voltage at 
either of the output connectors is shown 
by the corresponding yellow output 
indicator. The ’A' output is on the left of 
, the box and the ’B' output is on the right. 
(Looking at the front panel a s  in .Fig. 1)
The rhode select control is the central 
pushbutton switch.. A number is 
displayed which indicates the mode 
selected . To increase the mode the 
lower switch is pressed and to decrease 
• the upper switch is pressed. The mode 
control permits selection of . the 
appropriate stimulation frequency and 
pattern for the chosen exercise.
Connectors
Two Stimulation output connectors are 
provided, One is located in each side of 
the c a se  as shown in Figure. 2. The 
stimulation lead connectors should be 
inserted • here ensuring positive 
• engagem ent in the sockets. When 
disconnecting the leads, remove the 
plugs by holding the plastic body - do  
not pull the wires.
 .
STPSR MICROSTI
I T ' ' ; L c S s 4 v a a . ' . ' : '
i.Z CHANNEL ELECTRICAL 
STIMULATOR,
; R e f e r  TO "in s t r u c t i o n s
_ BEFORE U SE. .
-L QOR USE ONLY UNDER 
THE DIRECTION OF A  
THERAPIST .
À  A OUTPUTS B  ^A ce A
, 0086,
Mode Freq. Romiat ..
^0 40Hz AITERNATE 
1 . 40Hz SIMULTANEOUS
2 .  20Hz CONTmibUS,
:3" ,20Hz ALTBWJATE' ;
4  20Hz SIMULTANEOUS '
' 5  40Hz CDNTINUOUS '
6  40Hz ALTÈRNAIE
7  ^DHz.SIMUUANEOUS 
â 40Hz dVERUWPING 
.9 20Hz OVERLAPPING 
Modes d & 1 have a  slower lamp
Battery
A 9V PP3 alkaline non-rechargeabie or 
nickel-cadmium rechargeable battery 
should ■ be inserted, following the 
orientation on the label and in figure 2 
above. Remove the battery from the 
stimulator if unused for an extended, 
period..
Low B a t t e r y
When the battery nears exhaustion -a 
low battery warning will occur. During 
• an exercise period the stimulator will 
automatically reduce the stimulus output 
to zero and then bleep and flash -the 
power indicator for approximately thirty 
seconds. After this time the stimulator 
will enter ‘s leep ’ mode and should be 
switched OFF before replacing the. 
battery. The ‘low battery’ v/arning has 
' been set to provide optimum usage  
characteristics for nickel-cadmium 
• rechargeable batteries.
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S timulation Modes
Eight m odes (0-7) are provided for 
general exercise with modes 8 & 9 
provided for more specialised exercise. 
The stimulation formats are summarised 
in the following table and explained fully 
below.
A continuous- mode is useful when 
finding the correct electrode sites.
C h a n g i n g  M o d e s
While the stimulator is operating, the 
mode switch can be used to change to a 
stimulation mode which has the sa m e
stim ulation frequency. For, example, 
while exercising on mode 3 the user 
.may only select modes 2 or 4. After a 
short delay the stimulus intensity will 
decrease to zero and a bleep will inform 
the user that the mode has changed. 
The intensity will then increase to the 
previously set level and exercise will 
continue in the new mode. If a mode 
with a different stimulation frequency is 
required, it is necessary to switch OFF 
the stimulator, select the new mode and 
then switch ON the stimulator. This is a 
safety feature to avoid unexpectedly 
high stimulation levels.
Mode Frequency Format Possible Use
0 • . 40Hz ALTERNATE 
• Slow ramp (6s)
Exercise m odes for possible 
improvement in muscle fatigue 
resistance etc. Slow ramp • 
indicated when patients prone to 
spasticity are being stimulated
1 40Hz . ■ SIMULTANEOUS 
Slow ramp (6s) ■
2 20Hz CONTINUOUS Setting up electrode positions and 
stimulation levels
3 20Hz ALTERNATE Normal quadriceps exercise mode
. 4 20Hz SIMULTANEOUS For simultaneous contraction of 2 
sets of m uscles e.g. hand 
stimulation
5 40Hz CONTINUOUS Setting up electrode positions and 
stimulation levels
6 40Hz -, ALTERNATE Normal common-peroneal exercise • 
mode . . .
7 40Hz SIMULTANEOUS For simultaneous contraction of 2 
sets of m uscles
8 • 40Hz . OVERLAPPING For maintaining a force with two 
muscle groups one after the other. 
S ee diagram below for stimulation ' 
envelope.
9 20Hz OVERLAPPING
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S t im u l a t io n  F o r m a t s
The formats continuous, alternate, sim ultaneous and overlapping describe the manner 
in which the intensity of the stimulation output of channels A & B change relative to each 
other.
C o n t i n u o u s
CD
E
CD -■!=;
"g g
level until switch off or mode change
Channel A
2 second 
ramp up
Channel B
o
ê
g
CO
.22cz
cno .
CD
CD
CD
Time
The intensity of both outputs gradually increases from zero to the maximum set by each 
channel level control and remains at this level until another mode is selected or the 
stimulator is switched off. This format is normally used before an exercise period to allow 
location of optimum electrodes positions and comfortable stimulation levels. .
A l t e r n a t e
10 second 
• level
Channel A Channel A
2 second 
ramp up
2 second 
rarhpdown ■
Channel B Channel B
CO"co
CO CD
The intensity of each output gradually increases from zero to the hiaximum .'set by the 
channel level control, remains at this level for a set time and gradually d ecreases from this 
level back to zero. After a set time this cycle is repeated. Only one of the two outputs is on 
at any time. This format is the normal exercise mode for independent m uscle groups such 
as the quadriceps or agonist / antagonist muscle pairs.
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S im u l t a n e o u s
10 second 
level
Channel A Channel A Channel AcrCD
^  §
= 3  CD
^  DC
2 second :
■ ramp down
2 second 
• ramp up
Channel B Channel Channel B
TimeCO
2 second 
wait between 
stimulation
o
-g
cz
CO
The intensity of both outputs gradually increases from zero to the maxima set by each 
channel level control, remain at this level for a set time and gradually decrease to zero. 
After a se t  tirrie this cycle is repeated. Both .outputs are active simultaneously, with 
stimulation intensity changes in phase. This format is the normal exercise mode for related 
muscle groups requiring stimulation at the same time e.g . wrist and finger flexors.
..Ov e r l a p p i n g
• 10 second
Channel A Channel A • Channel A
2 second
ramp up ■
2 second 
ramp down
Channel B- Channel B
2 second .
ramp up
Time
o
CD
CD
CD
o
CO
Channel A is the first to ramp up to the maximum-pulse width. While A is still on, channel B 
ramps up as well, after 8 seconds. When B reaches maximum pulse width channel A starts 
to ramp down to zero. Channel B continues and channel A ramps up again. When A is at 
maximum channel B ramps down. Channel A then continues and B will ramp up again and 
the sequence repeats.
Rather than adjusting the stimulation levels in this m ode it may be .simpler to set up the 
levels on an alternating-mode and then switch to overlapping, in this way the contraction of 
the two individual muscle groups may be seen and a s se s se d  separately. Of course, fine- 
tuning of the levels can be made when the action of the overlapping mode has been 
observed.
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E l e c t r o d e s
Two types of, electrodes are available;
• . Pals Plus self-adhesive electrodes.
» conductive silicone rubber electrodes 
used with adhesive gel.
The therapist will explain which type you 
have and how to use them.
P a l s  P l u s  s e l f - a d h e s i v e  e l e c t r o d e s .
1. Connect the electrodes to the leads 
by inserting the pin into the connector 
on the flying leads of the electrodes.
2. Peel the electrode away from the wax 
paper by lifting at the electrode edge. 
Do not pull the flying lead.
3. Place the electrodes on the skin as  
described in the next section. Care 
should, be taken when pulling clothing 
on over the electrodes and wires.
4. After use, peel the electrode away 
from the skin by lifting its ed ge. Do ,not 
pull the flying lead. Replace the 
electrodes on their waxed storage paper 
and remove the electrode lead by 
pulling the plug from the flying lead 
connector. Do not pull on the electrode 
lead.
5. Replace the electrodes in their plastic 
bag and reseal the bag to prevent 
evaporation of moisture from the 
electrode gel.
6. If after repeated use the electrodes 
loose their, stickiness, dampen the 
surface of the electrodes with water and 
leave to dry for a few minutes, gel side 
uppermost. If this is unsuccessful, 
contact your therapist and ask for a new  
set of electrodes. Depending on how  
your treatment is provided you may 
have to purchase these.
C o n d u c t i v e  r u b b e r  a n d  g e l  
e l e c t r o d e s .
1. Connect the electrodes to the leads 
by inserting the pin into the moulded 
hole in the electrode.
2. ■ Squeeze a little gel on to one 
electrode and rub the two electrodes 
together to spread the gel evenly over 
both surfaces. U se the gel sparingly for 
good adhesion to the skin.
3. Place the electrodes on the skin as  
described in the next section. Adhesive 
tape will be required to hold the 
electrodes in place. Care should be 
taken when putting on clothing over the 
electrodes and wires. •
4. After use, remove the leads from the 
electrodes by gently pulling the plug. Do 
not pull on the wires. Wash the gel from 
the electrode ■ using ■ warm water after 
each use. Do not use soap or spirit 
based cleaner.
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Fault Finding
To assist you with solving any pi'ohlems you  
may have with your stimulator, we have 
included a list o f possible problems with 
likely solutions;
No output and no indicator lights:
a. Exhausted battery - replace battery.
b. Battery ■ incorrectly installed 
reconnect battery.
c. Faulty stimulator - return to Medical 
Physics.
No output but ike indicator lights operate:
a. Broken stimulation lead - replace 
lead.
b. Faulty stimulator - return to Medical
■ Physics.
The stimulatoNs output produces the 
wrong movement:
a. Incorrect electrode positions - refer, to 
therapist's diagrams or contact your 
therapist.
fa. incorrect level of stimulation - the 
level may be too high or low.
c. Incorrect electrode polarity may have 
been used - refer to therapist's diagrams 
or contact your therapist.
d. Poor electrode contact - re-apply or 
. replace electrodes.
The movement produced is weaker than 
norm al:
a. Insufficient stimulation - increase the 
stimulation level
b. The muscles may be fatigued - rest 
before restarting, exercising.
c. Electrode condition may be poor. 
Replace electrodes. .•
The stimulation is painful:
■ a.' Incorrect electrode positions - refer to 
therapist's diagrams or contact your
• therapist, 
b. Poor electrode contact - clean & re­
apply electrodes.
c Excessively high stimulation intensity - 
adjust appropriate level control.
■The stimulator bleeps fo r  30 seconds then 
switches o ff :
a. Low battery - replace battery if a non- 
rechargeabie' PP3 is used, recharge 
battery ' if a nickel-cadmium 
rechargeable battery is used.
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1. IMPORTANT: Avoid handling the 
electrodes while the stimulator is on. 
This is to prevent the stimulation current 
affecting other areas of the body. There 
is a theoretical possibility that the 
electrical stimulation may affect the 
heart if the current path is directly 
across the chest, although there are no
■ reported Incidences of this. Always 
remember to turn OFF the. stimulator 
before you remove the electrodes 1
2. Do not immerse in water. Clean 
using a damp cloth. Do not use spirit 
based cleaners.
3. ■ Always wash and dry the skin 
carefully when the electrodes have been  
removed. Do not use skin creams near 
the electrode- sites.
4. A slight reddening of the skin under 
the . electrode is normal. This should 
fade after’ about an hour once the 
electrodes are removed. If stimulation 
ca u ses  long term marking of the skin, 
discontinue use and seek  medical 
advice, . ,
5. Do not place electrodes oyer broken 
skin or shave the area under the 
electrodes as this, may cause skin 
irritation.
6. Spastic tone may be affected by 
electrical stimulation. If you notice any 
adverse change in the spasticity, 
discontinue use and seek medical 
advice.
7. Do not operate dangerous machinery 
or drive whilst using the stimulator.
8. Do not use the stimulator within three 
meters of physiotherapy short wave 
diathermy equipment.
9. The safety of electrical stimulation in 
pregnancy has not been determined. ■
10. Som e high level spinal, cord lesion 
patients may suffer autonomic effects 
after or during electrical stimulation. If 
head aches or sweating occur, or if 
blood pressure, bowel or bladder are 
affected, discontinue th e . use ’ of the 
stimulator and seek  medical advice.
11. The.;MS2v2 .is not to be used by 
people who have implanted electronic 
devices (pacemakers etc.) unless under 
specialised rnedical supervision.
12. Persons with epilepsy should  not 
use the stimulator unless their fits are 
well controlled with drug treatment.’
S pecifications
■ Output amplitude: 
Stimulation frequency: 
Stimulation wave form:
Stimulation pulse width: 
Equiprhent type:
•Maximum 10OmÂ with 1 KO output load, 
.Programmable (normally 20 & 40 Hz). 
Nominally square with passive charge 
balancing.
330pis maximum .
TypeBF.
The Microstirrp^ (v2) is a  Class lia Medical Device within the definition- of the
Medical Devices D irective.,.....
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F u r t h e r  INFORMATION.
Department of Medical Physics and Biomedical Engineering,
Salisbury District Hospital,
/Salisbury,
Wiltshire, SP2 8BJ.
Tel. (01722)429065
Enquiri0 s@salisburyfes.com
www.salisburyfes.com © Copyright 1998-2002
Salisbury Healthcare NHS Trust
Feedback
We are looking to improve our products and make them more suitable for the needs of 
patients and therapists. P lease contact us with your ideas for improvemerits. Whilst we 
may not be able to change products that are in .production we welcome ideas that we 
can incorporate into future developments.
S pecial Requirements
The M.S2v2 may be supplied with different parameters if required. P lease address any 
such requests to our quality manager, Steven Crook. S.crôok@salisburyfes.çom
Notes
Appendix D: Raw data- repeatability study and NMES study
Glossary for the tables on the disk:
The first table contains the repeatability study -  file name RS data.
The second table contains the NMES data- file name NMES data
In the Repeatability study data each measure was taken twice and is expressed as 
ADKF and ADKFl etc.
In the NMES table:
ADKF- Ankle dorsiflexion knee flexed first measurment 
ADKFl- second measurment 
ADKF2- third measurment 
ADKF3- forth measurement
And the same for the rest of the outcome measures
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